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Abstract  
Identification of the most representative location for biopsy is critical in establishing 
the definitive diagnosis of oral mucosal lesions. Currently, this process involves 
visual evaluation of the colour characteristics of tissue aided by topical application of 
contrast enhancing agents. Although, this approach is widely practiced, it remains 
limited by its lack of objectivity in identifying and delineating suspicious areas for 
biopsy. To overcome this drawback there is a need to introduce a technique that 
would provide macroscopic guidance based on microscopic imaging and analysis. 
Optical Coherence Tomography is an emerging high resolution biomedical imaging 
modality that can potentially be used as an in vivo tool for selection of the most 
appropriate site for biopsy. This thesis investigates the use of OCT for qualitative 
and quantitative mapping of oral mucosal lesions. Feasibility studies were performed 
on patient biopsy samples prior to histopathological processing using a commercial 
OCT microscope. Qualitative imaging results examining a variety of normal, benign, 
inflammatory and premalignant lesions of the oral mucosa will be presented. 
Furthermore, the identification and utilisation of a common quantifiable parameter in 
OCT and histology of images of normal and dysplastic oral epithelium will be 
explored thus ensuring objective and reproducible mapping of the progression of oral 
carcinogenesis. Finally, the selection of the most representative biopsy site of oral 
epithelial dysplasia would be investigated using a novel approach, scattering 
attenuation microscopy. It is hoped this approach may help convey more clinical 
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Chapter 1 
Introduction (Thesis Overview) 
The diagnosis of oral mucosal lesions has a direct impact on many fields of clinical 
medicine. This can be attributed to the range of subtle oral manifestations of 
important systemic diseases or infections and the initial manifestations of cutaneous 
and genetic disorders. Accordingly, the oral cavity has been described as a mirror 
that reflects an individual’s general health (Long et al., 1998, Squier and Kremer, 
2001, Eisen and Lynch, 1998) The current practice involves establishing a definitive 
diagnosis for oral mucosal lesions by recording a detailed history, performing a 
skillful examination of the mouth, identifying the appropriate area for biopsy and 
subsequently performing an accurate histopathological evaluation (Patton et al., 2008, 
Poh et al., 2008). Although the latter phase represents the diagnostic gold standard 
for confirmation of disease, prior localisation of the most representative disease area 
must be carefully carried out to ensure it yields accurate results.  
Since most oral mucosal lesions arise primarily within the epithelium and superficial 
connective tissue, clinicians have continued to utilise direct vision to predict areas 
encompassing the suspicious lesion that would provide the pathologist the most 
relevant information for diagnosis (Lingen et al., 2008). Although this approach is 
still widely used in localising oral mucosal biopsy sites, several studies have 
questioned its accuracy (Pentenero et al., 2003, Lee et al., 2007) due to:  
  
 The inability to distinguish benign and malignant areas of a large lesion or 
areas that may present diagnostic difficulties based on their macroscopic 
appearance (Poh et al., 2008).   
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 The highly heterogeneous nature of premalignant and malignant lesions, 
which may resemble a variety of benign or reactive oral mucosal lesions 
(Epstein et al., 2007a). 
 The generalised and chronic changes associated with premalignant and 
malignant epithelial lesions culminating in multicentric areas of malignant 
changes (Collins et al., 1966, Thomson and Hamadah, 2007, Wright and 
Shear, 1985).  
 The lack of direct correlation between the surface/colour characteristic of 
abnormal tissue  and their histopathological features (Balas et al., 1999).  
 The inability to visually differentiate between distinct areas which present 
identical clinical features, a well documented scenario in most patients, with 
oral premalignant and malignant lesions (Thomson and Hamadah, 2007). 
 The dependence on the examiners visual acuity and training when selecting 
representative biopsy sites. 
  
These highlighted challenges raise an important question which clinicians must 
repeatedly answer before obtaining any biopsy sample, namely, what is the location 
from which the most representative biopsy should be taken. Currently, its answer is 
dependent on the characteristics of the specific lesion. Thus for example, with 
discrete well demarcated lesion, the selection is generally simple to resolve. However 
for non-discrete lesions, as is the case with most premalignant and malignant oral 
mucosal lesions, clinicians may resort to random biopsy sampling or field mapping 
involving the selection of multiple biopsy sites for histological evaluation (Thomson 
and Hamadah, 2007). Such an approach is fraught with complications. For example, 
multiple random biopsy samples from an extensive lesion or one that shows a variety 
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of clinical presentations would result in an unacceptable number of histological 
examinations, which are traumatic for the patient and must be justified in financial 
terms (Jorde et al., 1986, Poh et al., 2008). Additionally, the relatively high 
probability  of obtaining non-representative samples using this approach could result 
in negative histological findings despite the undetected presence of damage/disease, 
which would result in a false sense of security for both the clinician and patient 
(Gmitro et al., 2000). Furthermore, given the possible limitations encountered using 
simple visual examination, there could be diagnostic delays culminating in late 
surgical management and ultimately poor prognostic outcomes for oral mucosal 
lesions, particularly oral cancers (Rosin et al., 2007, Epstein et al., 2008). Of 
equivalent importance, failure to obtain a representative sample may necessitate a 
second biopsy procedure, thereby causing considerable discomfort for the patient and 
an increased likelihood of intra- and post-operative complications (Lingley-
Papadopoulos et al., 2008).    
Accordingly, in the last few years several adjuvant techniques have been proposed 
with a common aim of the accurate localisation of abnormal areas for the purposes of 
detection and obtaining representative biopsy samples. They include the selective 
staining of abnormal areas with contrast enhancing agents, such as toluidine blue and 
acetic acid, the characterisation of tissue absorbance and reflectance profiles under 
various forms of light or energy, direct fluorescence  visualisation and direct oral 
microscopy (Patton et al., 2008, Poh et al., 2008, Rosin et al., 2007, Poh et al., 2006, 
Gynther et al., 2000). These techniques all claim to indirectly reveal structural and 
metabolic tissue changes not visible to the naked eyes, thereby improving the 
differentiation of oral mucosal lesions. Although, remarkable successes have been 
reported in several studies using these adjuvant techniques, they remain limited by 
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the poor understanding of how these underlying microscopic changes are revealed 
(Kerawala et al., 2000, Patton et al., 2008, Poh et al., 2007). Furthermore, the 
problems of subjectivity and lack of reproducibility associated with visualisation and 
interpretation of the macroscopic changes also remains a major limiting factor 
(Fedele, 2009, Epstein et al., 2007a). To overcome these limitations there is need to 
integrate a direct in vivo quantitative assessment of disease- specific microstructural 
alterations into the established diagnostic platform. Achieving this would require the 
introduction of imaging modalities that would permit non-invasive and real time 
visualisation of the changes in tissue architecture in an equivalent manner to that 
possible in histological evaluation.  
To date, ultrasound, confocal and optical coherence tomography imaging techniques 
have been investigated for real time visualisation of cellular morphology and tissue 
architecture with an ultimate objective of replacing conventional tissue biopsy (Clark 
et al., 2003, Gonzalez and Tannous, 2002, Ridgway et al., 2006, Senchenkov and 
Staren, 2004).  Although, these modalities offer significant advantages, such as their 
non-invasive nature and lack of tissue preparation, they currently do not match the 
standards of histology, representing the gold standard, with respect to a number of 
factors. In particular, they do not provide adequate depth and spatial resolution and 
their image contrast is relatively poor. Nonetheless, some of their capabilities offer a 
unique opportunity of improving the accuracy of diagnosis by guiding biopsy sample 
selection, thereby reducing sample errors and false negatives. Furthermore, their use 
as complementary diagnostic tools could facilitate follow-up of lesions, prior to 
deciding on appropriate interventional procedures. Considering the fundamental 
resolution and contrast limitations of ultrasound and the limited penetration depth of 
confocal imaging,  this thesis has focused on investigating the feasibility of using 
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Optical Coherence Tomography (OCT) for objective localisation of oral mucosal 
biopsy site, prior to performing the gold standard diagnostic test.  
 
Optical Coherence Tomography represents an emerging imaging technique capable 
of rapid non-invasive imaging of the cross-sectional microstructure of tissues based 
on their backscattering characteristics (Huang et al., 1991). The objectives of the 
present work were to perform ex vivo OCT imaging and analysis of biopsy samples 
from normal, benign, inflammatory and premalignant oral mucosal lesions. In 
particular, the approach was taken to carefully match OCT B-scans of the oral 
mucosa with their corresponding histological sections and subject them to clinical 
assessment. Furthermore, a number of selected parameters were derived from the 
volumetric OCT data to describe the backscattered attenuation of micro-
morphological nuclear features of oral epithelial dysplasia. A similar approach was 
adopted for an objective evaluation of nuclear staining intensity as a function of 
depth in corresponding histology sections. Finally, from the scattering attenuations of 
the OCT B-scans, surface colour maps for normal and OED biopsy samples were 
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1.1 Normal Oral Mucosa  
1.1.1 Macroscopic organisation of the oral mucosa  
The oral cavity is covered by a moist lining referred to as the oral mucous membrane 
or oral mucosa. This lining is continuous with the skin at the lips and the mucosa 
lining of the rest of the gut at the pharynx and thus forms an interface between both 
areas (Nanci and Ten Cate, 2008). The oral mucosa, like other linings of the body, 
consists of two separate tissue components, namely an overlying epithelium and an 
underlying collagenous connective tissue or lamina propria (Squier and Kremer, 
2001). 
The oral mucosa is characterised by a stratified squamous epithelium consisting of 
different patterns of keratinisation, which reflect a variety of functional adaptations. 
In areas of the mouth exposed to masticatory forces i.e. the gingiva and hard palate, 
the epithelium covered by a truly cornified layer of orthokeratin, is thick and displays 
well developed rete processes. These features result in an inflexible and tough 
epithelial surface tightly bound to the underlying connective tissue. By contrast, the 
remaining areas of the mouth including the floor, alveolar mucosa, ventral surface of 
the tongue and the cheeks are covered by a lining mucosa characterised with a loose 
lamina propria overlying the deep submucosal, thereby providing flexibility for 
chewing and speech (Squier and Kremer, 2001, Nanci and Ten Cate, 2008, Speight, 
1996).  The dorsum of the tongue characterised by the presence of taste buds is 
covered by a specialised epithelium, which represents a mosaic of keratinised and 
non-keratinised epithelium. Figure 1.1 illustrates diagrammatically the distribution of 
the different types of mucosa within the oral cavity.  
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Figure 1.1 Schematic representation of the distribution of the different types of oral 
mucosa, modified from Squier and Kremer, 2001).  
 
1.1.2 Microscopic features of the oral mucosa  
A. Oral epithelium 
The oral mucosa is lined by stratified squamous epithelium and has topographical 
differences that correlate with physical demands and/or degree of specialisation. It is 
composed of multiple layers of keratinocytes, which undergo progressive 
differentiation as they move from the deepest to the superficial layers (Gandhi, 1988). 
The deepest part is the stratum basale, containing immature keratinocytes cubical in 
form. As these cells divide and mature, they progress to more superficial layers, first 
to the stratum spinosum and then to the stratum granulosum where these cells 
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keratinocytes become hornified, with an associated loss of their nuclei. Furthermore, 
within the basale layer are melanocytes characterised by their dendritic appearance.  
Depending on the location of the oral mucosa, the differentiation pattern varies 
between the ortho- and parakeratinisation of the masticatory mucosa and the non-
keratinisation of the lining mucosa. In the ortho- and parakeratinised epithelium the 
superficial locations consist of the stratum granulosum and corneum, while the non-
keratinised region is made up of the intermediate and superficial layers as illustrated 
in Figure 1.2. 
    
Figure 1.2 Schematic diagrams of the different layers of (A) the keratinised and (B) 
non-keratinised oral epithelium illustrating melanocytes in the basal layer. (Modified 
from www.aad.org) 
 
B. Basement membrane 
Below the epithelium lies the basement membrane (BM), a 50- to 100-nm layer of 
specialized extracellular matrix protein. The major function of this layer is to serve 
as an adherent connection between the epithelium and the underlying connective 
tissue whilst permitting metabolic exchange. Additionally, it also provides a 
mechanical barrier that prevents malignant cells from invading deeper tissue (LeBleu 
et al., 2007). In the oral mucosa, the basement membrane represents the undulating 
interface at which the papillae of the connective tissue interdigitate with the 
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papillae per unit area, which reflects the amount of force applied to the surface of the 
epithelium. Accordingly, the masticatory mucosa has a greater number of 
interdigitations per unit area of mucosa compared to its lining counterpart.  Apart 
from providing attachment, the highly irregular junction serves to increase the 
surface area over which oxygen, nutrients, and waste products are exchanged 
between the lamina propria and the avascular epithelium. 
 
C. Lamina propria 
The lamina propria is the layer of loose connective tissue which lies beneath the oral 
epithelium. Its primary function is to support and sustain the epithelium. The lamina 
propria is divided in two layers namely, the superficial papillary layer, associated 
with the epithelial ridges, and the deeper reticular layer. The lamina propria is made 
up of cells, principally fibroblast with small numbers of macrophages, mast cells, and 
inflammatory cells. Additionally this layer contains blood vessels, lymphatics and 
neural elements embedded in an amorphous ground substance composed of 
mucopolysaccharides, chrondiotin sulphate and glycoproteins (Nanci and Ten Cate, 
2008). 
 
1.2. Oral mucosal lesions 
As with many other part of the body, the oral mucosa presents a common site for a 
variety of lesions resulting from reactive processes, infections, manifestations of 
systemic disease to neoplasms.  Although a plethora of oral mucosal lesions present 
in the primary dental care units, particular emphasis will be paid to providing a 
synopsis of the clinical presentations and histology of common superficial oral 
lesions encountered during the course of this study.  These lesions represent some of 
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the frequently encountered oral mucosal diseases found in large scale population-
based screening studies (Yeatts and Burns, 1991, Gonsalves et al., 2007a, Gonsalves 
et al., 2007b, Bouquot and Gundlach, 1986). A number of such conditions will be 
discussed separately in the following sections. 
 
1.2.1 Common benign lesions 
 
A. Mucoceles 
A Mucocele represents an area of mucin spillage in soft tissue resulting from 
obstruction or rupture of a minor salivary gland duct (Gonsalves et al., 2007b). 
Because they are associated with mucus extravasation into surrounding soft tissues 
and lack a true epithelial lining, they are referred to as pseudocysts. Although most 
cases of superficial mucoceles are associated with a history of local trauma, it has 
been suggested that mucosal inflammation of minor salivary glands resulting in 
blockage, dilatation and rupture may also be implicated (Eisen and Lynch, 1998). 
Typically, mucoceles fluctuate in size as a result of periodic rupture and release of 
saliva. Superficial lesions usually present as painless, fluctuant, bluish dome-shaped 
swellings with an intact overlying mucosa. The lower labial mucosa is the most 
common location, although other oral sites such as the soft palate, ventral tongue, 
retromolar pad and posterior buccal mucosa are occasionally affected (Flaitz and 
John Hicks, 2009).  As an example, a superficial mucocele involving the mucosal 
surface of the lower lip is illustrated in Figure 1.3A. Histologically, mucoceles 
consist of pools of saliva surrounded by compressed connective tissue, foamy 
macrophages and neutrophils without an epithelial lining. Figure 1.3B shows a 
photomicrograph of a typical mucocele. 
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Figure 1.3A&B. A) Typical example of a mucocele appearing as a fluctuant 
translucent- blue nodule on the lower labial mucosa and B) a typical 
photomicrograph (H&E), modified from Flaitz and Hicks, 2009).   
 
B. Reactive lesions  
i. Frictional hyperkeratosis  
Frictional hyperkeratosis of oral mucosal surfaces are reactive processes or defects 
resulting from repetitive frictional trauma (Woo and Lin, 2009, Flaitz et al., 2009). 
Other potential causes include chronic raking of the teeth over the mucosa or 
nibbling of the mucosa, poorly fitting dentures, sharp tooth cusps and broken dental 
restorations.  The condition is found commonly in individuals in their second and 
third decades. The clinical presentation is one involving a diffuse, poor demarcated 
whitish- grey papules and plaques, which can vary significantly in size, shape and 
thickness depending on the degree of trauma. However, on occasions they may 
appear as distinct, well demarcated plaques.  The lesions occur most frequently on 
the tongue, labial mucosa, alveolar ridge and buccal mucosa. Fig. 1.4A shows a 
poorly delineated white plaque on the lateral tongue, typical of frictional 
hyperkeratosis of the epithelium. Histologically, the lesions are characterised by 
B   
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hyperparakeratosis or orthokeratosis with shaggy or peeling surfaces showing 
fissures or clefts within the keratin layer. The epithelium is usually moderately 
hyperplastic with a prominent granular layer but no dysplasia. Usually scattered 
inflammatory cells may be present in the connective tissue. Figure 1.4B shows a 
photomicrograph of a typical frictional hyperkeratotic lesion. 
 
   
Figure 1.4A&B A) A poorly delineated white plaque on the lateral tongue typical of 
frictional hyperkeratosis of the epithelium, B. A typical photomicrograph showing 
marked hyperkeratosis and acanthosis (H&E), modified from Woo and Lin, 2009). 
 
ii. Fibrous hyperplasia 
It represents a reactive hyperplasia of fibrous connective tissue in response to local 
irritation or trauma (Rotaru et al., 2003). Fibrous hyperplasia represents the most 
common tumour in the oral cavity. Although it occurs in all age groups, there is an 
increased prevalence in females with a peak incidence in the fourth to sixth decade of 
life (Lederman and Fornatora, 2009). Fibrous hyperplasia may occur at any oral site, 
but it is frequently seen on the buccal mucosa along the plane of the occlusion 
(Figure 1.5A). Other sites include the inner aspect of the lips and tongue. Typically, 
they present as round to ovoid, asymptomatic, smooth surfaced, firm nodular or 
pedunculated swelling covered normal pink mucosa. They range in size from several 
A 
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millimetres to one centimetre. Histologically, they are characterised by an 
unencapsulated, solid, dense and nodular mass of fibrous connective tissue with mild 
chronic inflammatory infiltrate present. The surface epithelium may be 
hyperkeratotic or ulcerated owing to chronic trauma. Figure 1.5B shows a 
photomicrograph of a fibrous hyperplastic lesion. 
 
   
Figure 1.5A&B A) A typical image of a sessile fibroma of the anterior buccal 
mucosa at the level of the occlusal plane. B) A typical photomicrograph showing 
histological features. (Modified from Gonsalves et al., 2007b) 
 
C. Lipoma  
The lipoma is a benign neoplasm of adipose tissue and the most common soft 
mesenchymal neoplasm affecting the oral cavity. It represents 0.1 to 5% of all benign 
tumours of the mouth (Fregnani et al., 2003, Rapidis, 1982). They manifest as 
asymptomatic slow growing pedunculated nodules with sizes ranging from 1 to 2 cm. 
Furthermore, the lesions reside either superficially or are deep seated with overlying 
normal mucosa. Most oral lipoma occur on the buccal and vestibular mucosa, 
retromolar area, tongue, lips, and floor of the mouth (Vindenes, 1978, Gnepp, 2001). 
Figure 1.6A indicates the presentation of a lipoma as a sessile soft yellowish swelling 
covered by the oral mucosa. Microscopically, lipoma resembles normal fat tissue, 
A B 
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namely they consist of well circumscribed masses of mature adipose tissue supported 
by a fibrous stroma (Figure 1.6B). 
 
   
Figure 1.6A&B A) Clinical and B) histological presentation of a lipoma, modified 
from www.dentalofficemag.com. 
 
D. Squamous papilloma 
Oral squamous papilloma (OSP) is a benign proliferation of the stratified epithelium 
which results in a papillary or verrucous exophytic mass (Carneiro et al., 2009) 
induced by the human papilloma virus (HPV). OSPs are common and comprise 
about 3% of all oral cavity lesion subjected to biopsy (Eisen and Lynch, 1998), with 
equal incidence between the sexes. Clinically, they are exophytic, sessile or 
pedunculated lesions which may range in colour from red to white depending on the 
degree of surface keratinisation (Figure 1.7A). The sites of predilection for 
localisation of OSP are the tongue and soft palate, although other areas of the oral 
cavity can be affected (Carneiro et al., 2009). Microscopically, OSP consist of a 
central core of connective tissue covered by hyperkeratotic squamous epithelium 
arranged in finger-like projections. The epithelium displays a normal maturation 
pattern with perinuclear halos in the spinous layer and occasionally basilar 
hyperplasia (Figure 1.7B). 
 
A B 
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Figure 1.7A&B A) Clinical picture of a squamous papilloma on the palate and B) 
Photomicrography showing characteristic finger-like projections, modified from 
www.eaom.net. 
 
1.2.2. Inflammatory lesions 
A. Oral lichen planus  
 Lichen planus is a common inflammatory disease of the stratified squamous 
epithelium of unknown aetiology (Farhi and Dupin, 2010). It can affect either the 
skin or the oral mucosa or both tissues. OLP is estimated to affect about 0.5% to 3% 
of the population with a female/ male ratio of approximately 2 to 1 (Eisen, 2002). It 
is seen predominantly in middle- aged adults with the age of onset ranging between 
30 and 60 years (Axell and Rundquist, 1987). Clinically, six clinical morphological 
characteristics of OLP are presented, including the papular, reticular, plaque-like 
atrophic, erosive and bullous subtypes.  These subtypes can occur individually or as a 
combination in the same patient.   OLP lesions are symmetrical and frequently affect 
the buccal mucosa, gingiva and tongue. Although numerous presentations of OLP in 
the oral cavity have been reported, the most common manifestation is as white 
keratotic striations, termed Wickham striae on the buccal mucosa (Figure 1.8A). The 
histological presentation of OLP varies. Depending on the clinical subtype, 
pathological changes in the epithelium include hyperorthokeratosis or parakeratosis, 
acanthosis, atrophy and liquefactive degeneration of basal cells. In addition, the 
A B 
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superficial connective tissue layer consists of a typical band-like mononuclear 
infiltrate dominated by T-lymphocytes and histocytes (Figure 1.8B).  
 
 
   
Figure 1.8A&B A) Clinical picture of reticular Oral Lichen Planus showing white 
keratotic striation (Wickham striae) on the buccal mucosa, B) Photomicrograph 
showing inflammatory infiltrate in the superficial connective tissue permeating the 
basal layer of the epithelium. (Modified from Nunes et al., 2007). 
 
B. Oral lichenoid reactions 
Lichenoid reaction is used to describe lesions that resemble OLP clinically and 
histologically, but have an identifiable cause (Scully and Carrozzo, 2008). Common 
causative agents include dental materials, for example, amalgam, composite resins, 
cobalt and gold. Other factors frequently implicated are adverse host tissue response 
to a chronic graft and the use of a variety of drugs, including non-steroidal anti-
inflammatory agents, antihypertensive agents, antimalarials and others. Clinically, 
OLR may present as unilateral erosive lesions associated with resolution and 
recurrence of lesions on withdrawal and re-exposure to the suspected agent (Figure 
1.9). Histologically, OLR is similar to OLP, although OLR may show a more diffuse 
lymphocytic infiltrate with eosinophils and plasma cells, and more colloidal bodies 
than in the classic OLP (Lamey et al., 1995).  
B A 
CHAPTER 1: INTRODUCTION 




Figure 1.9 Lichenoid reaction on the buccal mucosa, resulting from amalgam contact. 
(Modified from Scully and Felix, 2005a). 
 
1.2.3. Premalignant lesions 
A. Leukoplakia  
The World Health Organisation has defined leukoplakia as a white patch or plaque 
that cannot be characterised clinically or pathologically as any other disease and is 
not associated with any physical or chemical causative agent, except the use of 
tobacco (Bouquot et al., 2006b). Thus, the term leukoplakia is a clinical descriptor 
only and should not be used once histological information is obtained. Oral 
leukoplakia, the most common chronic lesion of the oral mucous membranes can be 
found in approximately 5% of adults with most cases occurring in middle-aged and 
older men (Scheifele et al., 2003). Clinically, approximately 75% of these lesions are 
found on the buccal mucosa, retromolar region, floor of the mouth, tongue and palate 
(Soukos, 2008). Although, they do not have any specific clinical appearance, oral 
leukoplakia are typically described as tough adherent plaques, whose surface may be 
smooth or nodular and slightly elevated above the surrounding mucosa. Typically, 
two patterns of oral leukoplakia are recognised, which are homogenous or non-
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homogenous in nature. The homogenous pattern presents as a predominantly white 
lesion of uniform and thin appearance with a consistent texture throughout.  
Conversely, the non-homogenous pattern may present as a white, or white and red 
lesion with an irregularly flat, nodular or exophytic surface. Figure 1.10A&B shows 
a clinical picture of an homogenous and non-homogenous oral leukoplakia, 
respectively. Although oral carcinoma may develop from any leukoplakia, the non-
homogenous types are reported to have a higher malignant transformation. Indeed, 
such transformations have been reported to occur between 3 to 8% in a surveillance 
period of five years (Reibel, 2003, Holmstrup et al., 2006). Similar to their clinical 
appearances, the microscopic features of oral leukoplakia comprises a wide spectrum 
of findings that are distinct for each clinical variant. With the exception of speckled 
leukoplakia, all forms exhibit hyperkeratosis to some degree. In addition, the 
epithelium may be atrophic or acanthotic. Although most leukoplakic lesions do not 
demonstrate dysplasia, 10-25% have been reported to exhibit different grades of 
epithelial dysplasia, carcinoma in situ, or frank carcinoma on initial biopsy (Chiesa et 
al., 1990, Banoczy and Sugar, 1972, Reibel, 2003). In addition, the underlying 
connective tissue may show inflammatory reactions induced by dysplastic cells.  
 
B. Erythroplakia  
Erythroplakia are chronic red macule. In a similar manner to leukoplakia, 
erythroplakia refers to red patches on oral mucous membranes that cannot be 
clinically or pathologically diagnosed as any other condition or attributed to 
traumatic, vascular or inflammatory causes (Scully and Felix, 2005b, Eisen and 
Lynch, 1998). However, unlike oral leukoplakia, erythroplakia are less common and 
develop at a later age. Clinically, the lesions appear as bright red velvety plaque 
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commonly seen on the floor of the mouth, the lateral and ventral tongue, retromolar 
mucosa and soft palate (Figure 1.11A). Some erythroplakic lesions consist of 
leukoplakic specks, indicated by white patches, resulting in a mixed red and white 
lesion, referred to as erythroleukoplakia or speckled leukoplakia. 
 
   
Figure 1.10A&B Clinical picture of A) Homogenous leukoplakia of the ventral 
tongue and floor of mouth, B) Non-homogenous leukoplakia of the lateral border of 
the tongue. (Modified from Scully and Felix, 2005a).  
 
Studies from biopsies of oral erythroplakic lesions (OEL) have  shown that  
approximately 60% to 90% of erythroplakia reveal histological changes 
characteristic of severe epithelial dysplasia, carcinoma in situ or invasive squamous 
cell carcinoma (Sapp et al., 2004). Specifically, a study on 65 OEL biopsies revealed 
51% were invasive carcinomas, 40% carcinoma- in-situ and severe dysplasia and the 
remaining 9%, mild to moderate dysplasia (Reichart and Philipsen, 2005). Therefore, 
the characteristic microscopic description of OEL is that of reduced epithelial 
thickness, and the presence of epithelial cells, which are anaplastic and have lost 
their potential to produce keratin. In addition, the underlying musculature displays a 
relative increase in vascularity in response to the chronic inflammation frequently 
present (Figure 1.11B).  
A 
A B 
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Since most leukoplakic and erythroplakic lesions exhibit some degree of epithelial 
dysplasia, subsequent sections would provide detailed histopathological description 
of mild, moderate and severe dysplasia and carcinoma-in-situ.  
 
       
Figure 1.11A&B A) Clinical picture of erythroplakia of the soft palate B) 
Photomicrograph demonstrating severe dysplasia and caricinoma-in-situ on biopsy. 
(Modified from Bouquot et al., 2006b). 
 
C. Histopathological grading of oral epithelial dysplasia 
Because the clinical appearances of oral premalignant lesions, namely leukoplakia 
and erythroplakia, vary significantly and do not present a specific histopathological 
connotation, establishing a diagnosis relies on the microscopic evaluation of H&E 
sections. This allows for the evaluation of characteristic cells and architecture of the 
different grades of oral epithelial dysplasia. Depending on the individual cellular 
alterations and the extent of epithelial involvement, the degree of dysplasia is 
assigned one of the following grades, namely mild, moderate, severe or carcinoma-
in-situ. This classification is based on typical microscopic features as identified by 
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i. Mild dysplasia 
This grade demonstrates cytological atypia in basal and para-basal layers which does 
not extend beyond the lower third of the epithelium (Fig. 1.12A).  Architectural 
changes are minimal.  
 
ii. Moderate dysplasia 
This demonstrates proliferation of dysplastic cells extending into the middle one-
third of the epithelium (Fig. 1.12B). The cytological changes are more severe than in 
mild dysplasia, as highlighted in Table 1.Additionally, architectural changes, such as 
basilar hyperplasia leading to the formation of bulbous rete pegs may be evident in 
the lower half of the epithelium. 
 
iii. Severe dysplasia  
This classification is used to characterise abnormal proliferation of dysplastic cells 
from the basal layer into the upper third of the epithelium (Fig. 1.12C). The 
cytological and architectural features, as detailed in table 1, are usually very 
prominent. Accordingly, complete loss of stratification with deep keratinisation, 
keratin pearl formation, marked pleomorphism and the presence of prominent and 
supra-basal mitoses are features commonly associated with severe dysplasia. 
 
iv. Carcinoma-in-situ (CIS) 
This represents the most severe form of epithelial dysplasia involving the full 
thickness of the epithelium with cytological and architectural changes extending 
from top-to-bottom (Figure 1.12C). Carcinoma-in-situ is cytologically similar to 
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squamous cell carcinoma with the only exception being an intact basement 
membrane and absence of invasion into the connective tissue.  
   
 
Figure 1.12A,B&C Histological picture showing the cytological and architectural 
changes associated with increasing degree of oral epithelial dysplasia. (Modified 




Cellular changes  Architectural changes  
Abnormal variation in nuclear size 
Abnormal variations in cell size  
Increased nuclear/cytoplasmic ratio 
Enlarged nuclei and cells 
Hyperchromatic nuclei 
Increased mitotic figures 
Abnormal mitotic figures 
Nuclear and cellular pleomorphism  
Increased number and size of nucleoli 
Loss of polarity  
Disordered maturation from basal to 
squamous cells  
Top-to-bottom change in CIS 
Increased cellular density  
Basal cell hyperplasia  
Dyskeratosis  
Bulbous drop-shaped rete pegs 
Secondary extensions on rete tips 
 
Table 1.1 Microscopic features associated with oral epithelial dysplasia 
 
B C A 
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1.3 Direct visualisation methods for selection of oral mucosa biopsy sites  
Correct identification of the most appropriate site for an incisional biopsy is a critical 
step in the process of establishing the definitive diagnosis of oral mucosal lesions. 
The importance of this step is particularly significant in both large lesions presenting 
variable clinical features and areas with no clinical evidence of histopathological 
changes (Metzler et al., 2009). There are a number of current procedures used for 
identification of biopsy sites, as well as potential techniques which have been 
proposed. Each will be discussed separately.  
1.3.1. Unaided visual inspection  
Unaided visual inspection is primarily used as a pre-selection procedure for 
identification of the most representative area for biopsy in the uterine cervix and oral 
cavity (Mehrotra et al., 2006). It involves the direct visualisation of intra-oral 
structures under adequate white light by an experienced clinician, with a view to 
identifying features that may be suggestive of a specific pathology. To accomplish 
this task successfully, the clinician must be familiar with the normal anatomy of the 
biopsy site, such that abnormal findings considered to represent high risk for disease 
are correctly identified. Although this approach is the most widely practiced 
technique for selecting oral biopsy sites, their poor diagnostic outcomes in terms of 
their sensitivity and specificity, raises doubts about it appropriateness (Holmstrup et 
al., 2007). These poor outcomes have been attributed to several factors in different 
studies, including 
 the inability of the conventional light to illuminate underlying tissue 
characteristics (Rosin et al., 2007)  
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 the subjectivity associated with differentiating early stage premalignant and 
malignant lesions from similar looking benign lesions (Sciubba, 1999).  
 the similarities in the clinical features of large oral mucosal lesions, despite 
differences in their underlying histological characteristics (Pentenero et al., 
2003, Chiesa et al., 1986).  
Taking these findings into account, the selection of the most representative site for 
biopsy using unaided visual inspection alone has been reported to be inadequate, 
unreliable and not sensitive enough in identifying premalignant and malignant 
lesions (Sciubba, 1998, Mehrotra et al., 2009, Sciubba, 1999). Accordingly, the 
presence of such lesions can be easily overlooked and neglected by clinicians 
regardless of their level of expertise. 
1.3.2. Visualisation adjuncts   
Visualisation under standard room light perceives only a fraction of spectral 
differences in diseased and normal tissue and hence results in sampling errors which 
cause delays in the diagnosis of suspicious lesions. To assist with the detection of 
early mucosal changes, various adjunctive and diagnostic techniques have been 
introduced as described below.  
A. Toluidene blue staining  
Toluidene blue (TB) also referred to as tolonium chloride is a member of the thiazine 
group of metachromatic basic aniline dyes (Mashberg, 1983). This vital dye when 
applied topically demonstrates preferential binding to nuclei acids of tissues 
undergoing rapid cell division, thereby facilitating the delineation of abnormal from 
adjacent normal mucosa, as illustrated in Figure 1.13A&B.  This unique property has 
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allowed its use over many years as an adjunct for detection of  potentially malignant 
lesion of the cervix and oral cavity, which may be missed on clinical examination 
(Zhang et al., 2005, Fedele, 2009). Furthermore, it has been used as an aid in 
determining resection margins of potentially malignant lesions prior to excision 
(Kerawala et al., 2000). Based on these properties, several studies on the use of TB 
as a diagnostic adjunct have been published. Most studies have reported it to be 
highly reliable in detecting squamous cell carcinoma and carcinoma in situ (Onofre 
et al., 2001, Martin et al., 1998). However, it has a low sensitivity in detecting 
dysplasia (Lingen et al., 2008). In addition, its use has been reported to suffer a high 
percentage of false positive stains in non-malignant oral conditions. The resulting 
low values of specificity are thought to arise from the controversies surrounding 
criteria for interpretation of staining intensity. (Onofre et al., 2001, Epstein et al., 
2003). The aforementioned shortcomings all contribute towards the subjectivity 
encountered when selecting the most representative biopsy site with TB, thereby 
precluding its use in primary dental care.  
    
Figure 1.13A&B (A) Clinical picture of a non-homogenous leukoplakia of the 
ventral surface of the tongue under white light, (B) the same lesion stained with 
Toluidene blue showed varying intensity of staining. Biopsy revealed the area of the 
lesion with strong staining intensity displayed epithelial dysplasia compared to less 
stained or negative area of the lesion. (Modified from Poh et al., 2008). 
B A 
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B. Chemiluminescence  
Chemiluminescence refers to the emission of light with varying degrees of intensity 
and lifetime from a chemical reaction. In it simplest form it can be represented as  
A+B      [ I ]  Product + Light 
Where [I]* represents a highly energetic intermediate compound produced from a 
chemical reaction between reagents A and B. This intermediate moiety is usually 
short lived and returns to a lower energy state by emitting light at a wavelength 
corresponding to the visible spectrum. For diagnostic purposes, this principle was 
initially employed for the detection of early cancerous mucosal changes in cervix 
(Wright et al., 2002). The protocol involved a 3-5% acetic acid wash followed by a 
magnified visual examination aided by a low energy, diffuse, blue-white 
chemiluminescent light source with peaks outputs near 430, 540 and 580nm 
wavelengths. Using this approach an improved detection of early cervical cancers 
and precursor lesions was reported, previously overlooked under normal 
incandescent light (Parham, 2003, Lonky, 2002). This successful outcome and the 
morphological similarities between oral mucosa and cervix therefore prompted the 
introduction of a modified technique for use in the mouth (ViziLite Plus, a 
commercial system). In this case, patients were subjected to oral rinses with 1% 
acetic acid followed by an examination using a chemiluminescence device. With this 
system, normal oral mucosa absorbs the blue-white light of the chemiluminescence 
device imparting a blue colour, while dysplastic and neoplastic lesions reflected light 
resulting in a whitish appearance, acetowhiten (Figure 1.14A&B). Subsequently, the 
oral cavity was re-examined following a rinse with 1% tolonium chloride.  
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In the last few years, such a technique has resulted in an enhanced visualisation of 
oral mucosal lesions, when compared to unaided examination under normal light 
(Epstein et al., 2006, Epstein et al., 2008, Ram and Siar, 2005). However, the 
assessment of lesion characteristics, such as brightness, sharpness, surface texture 
and size remains highly subjective. Accordingly, in a similar manner to unaided 
visual inspection, there have been no chemiluminescence studies which have been 
able to differentiate between dysplasia and carcinoma (Fedele, 2009, Patton et al., 
2008). 
   
Figure 1.14A&B (A) Clinically non-evident lesion on the lateral border of the 
posterior tongue (arrow), (B) chemiluminescence (Vizilite) identified lesion as an 
irregular area with whitish appearance (arrow), Biopsy revealed moderate epithelial 
dysplasia, modified from (Ram and Siar, 2005). 
C. Tissue autofluorescence   
Tissue fluorescence imaging represents a non-invasive in vivo method to selectively 
identify alterations in the structural and chemical compositions of cells that may 
indicate the presence of diseased tissue (de Veld et al., 2003, Zellweger et al., 2001). 
This technique is based on the concept that changes in the structure and biochemical 
properties of the epithelium, as well as changes in the underlying connective tissue, 
alter the distribution of tissue fluorophores. Such endogenous changes are detected as 
B A 
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fluorescence on excitation with light of a specific wavelength. Hence, it is referred to 
as autofluorescence. Typical endogenous fluorophores include flavin adenine 
dinucleotide [FAD] and Nicotinamide adenine dinucleotide [NADH] for the 
epithelium, and others associated with the crosslinks of collagen and elastin fibres in 
the underlying lamina propria. Because this principle of tissue autoflorescence 
reflects underlying alterations associated with disease, it has been widely applied as a 
screening and diagnostic tool for precancers and early cancer of the lungs, skin and 
uterine cervix. Recently, this approach has been incorporated into a hand-held device 
(VELscope system) developed by the British Columbia Agency in collaboration with 
the MD Anderson Cancer Center. This system emits a safe blue light into the oral 
cavity, which excites the tissue from the surface of the epithelium through to the 
basement membrane and into the stroma. Accordingly, oral healthcare professionals 
can perform direct visualisation of tissue fluorescence and the changes in 
fluorescence spectral and intensity that occur when abnormalities are present. With 
this device, the normal oral mucosa emits a pale green autofluorescence, whilst 
abnormal exhibits reduced level of autofluorescence, as reflected in a darker shade 
when compared to the surrounding tissue (Figure 1.15A-D). Clinical studies 
investigating the use of this device have demonstrated its ability to detect diseased 
tissue occult to visual examination under white light, representing an improvement 
upon both chemiluminescence and toluidene blue methodologies (Rosin et al., 2007). 
However, the dependence on the visual acuity and training of the examiner for final 
evaluation of variable autofluorscence signal is associated with subjectivity and 
hence may introduce sampling errors. Furthermore, the high prevalence of benign 
lesions showing loss of fluorescence and the presence of conditions, such as 
significant inflammation and/or infection and traumatic ulcers masking detection, 
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may result in false positives (Patton et al., 2008). Accordingly, several studies have 
reported high sensitivity, but low specificity using the autofluorescent technique (De 
Veld et al., 2005). 
    
    
Figure 1.15A, B, C&D (A) Clinical picture of lateral border of tongue with no 
apparent lesion showing (B) a normal fluorescence pattern, (C) Clinical picture of a 
non apparent lesion in the lingual retromolar and posterior soft palate region, on 
direct visualisation with the VELscope system, it displayed an irregular dark area 
compared to Figure 1.13B. Biopsy revealed a carcinoma-in-situ. (Modified from Poh 
et al., 2007).  
1.3.4. Overcoming the limitations of current approaches for selecting oral 
mucosal biopsy site  
The limitations associated with both visual inspection and adjunctive techniques 
described in the previous sections have important implications in the identification of 
representative areas of a lesion for biopsy. These limitations include;  
A B 
D C 
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 The indirect evaluation of diagnostically relevant microscopic features via 
these adjunctive techniques, as opposed to the direct visualisation of cellular 
and architectural features evident with histology which represents the gold 
standard methodology.  
 All of these adjunctive techniques depend on the visual acuity and training of 
the human observer for ultimate evaluation and thus are both qualitative and 
subjective in nature. Furthermore, this dependence promotes inter- and intra 
observer variability, resulting in the lack of agreed standard guidelines for 
clinical interpretation of specific patterns (Lingen et al., 2008, Gandolfo et al., 
2006, Fedele, 2009) 
 The low specificity resulting from false positives reported, culminating in 
high biopsy sampling error rate using these adjunctive techniques (Epstein et 
al., 2008, Gandolfo et al., 2006, De Veld et al., 2005)  
To address some of these deficiencies, studies have advocated the utilisation of 
emerging imaging methodologies with a view to improving accuracy of diagnosis, 
evaluation of treatment intervention and determination of prognosis of oral mucosal 
lesions (Patton et al., 2008). However, more realistic aims of these technologies 
might be to improve the accuracy of locating biopsy sites, thus facilitating a more 
reliable definitive diagnosis as provided by histology. Efforts towards accomplishing 
these aims have led to the use of various non-invasive imaging modalities, including 
ultrasound, in vivo confocal microscopy and optical coherence tomography, for 
characterisation of tissue pathology. The following sections outline non-invasive 
modalities utilised on the oral mucosa.  
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1.4. Imaging modalities used on the oral mucosa 
1.4.1. Ultrasound 
Ultrasound is a non-invasive imaging technology capable of characterising tissue 
structures in real-time with no risk associated with exposure to radiation. It is based 
on the utilisation of an energy transducer for both generation and reception of 
acoustic impulses intercepted by sensors to produce bimodal images. The transducers 
are made from piezoelectric materials, which convert electrical energy into acoustic 
impulses. On propagating through a medium, acoustic impulses which encounter 
interfaces perpendicular to their direction of motion are reflected back towards the 
transducer. For maximum reflection, this process requires a complex scanning 
protocol to be employed by skilled sonographers. Based on the differences in the 
acoustical impedances generated within the medium, specific interfaces within the 
tissues can be distinguished. In ultrasound imaging, the axial and lateral resolutions 
improve with increasing acoustic frequency of the beam. However an increasing 
frequency is associated with an increased attenuation of the ultrasound beam, 
resulting in a reduced penetration depth into the tissue. Thus a compromise exists 
between the image resolution and depth. Consequently, for general medical imaging 
involving cardiology, abdominal and pelvic examinations, acoustic frequency 
ranging from 3.5 – 7.5 MHz are employed to achieve depth resolutions of 2-3mm 
within the tissue. (Rallan and Harland, 2003). By contrast ultrasound imaging at 
frequencies of between 10 and 20MHz, with the associated axial resolutions of 100-
200µm, have been adopted for imaging of more superficial structures such as the eye, 
thyroid and parathyroid glands and cervical lymph nodes (Senchenkov and Staren, 
2004, Stuckensen et al., 2000). Similarly, this approach has also been utilised for 
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initial assessment and image-guided fine needle aspiration cytology of superficial 
salivary gland lesions (Lee et al., 2008). High sensitivity transducers in the 40-
100MHz range which provide resolutions of approximately 17-30µm axial, 33-94µm 
lateral and 4mm penetration depth have been developed to permit visualisation of 
micromorphological features (Foster et al., 1993). Such systems, termed ultrasound 
backscatter microscopy (UBM), have been employed for experimental and clinical 
imaging of the anterior segment of the eye (Pavlin and Foster, 1998),  the skin 
(Turnbull et al., 1995, Perednia, 1991) , the gastrointestinal tract and intravascular 
imaging (Yock et al., 1989). They have also been used to image the oral mucosa 
(Jackowski et al., 1999), with an  improved resolution compared to the lower 
frequency B-scan ultrasound imaging systems. However several limitations remain 
with this particular application, namely,  
 It requires an index-matching medium between transducer and sample to be 
imaged 
 Contact problems associated with the tissue surface. 
 Reduced penetration depth and image resolution compared to other non-
invasive imaging modalities. 
1.4.2 Confocal microscopy  
The principles of confocal microscopy was first described by Minksy in 1955 and 
subsequently patented in 1957 (Masters and Bohnke, 2002). Its development was 
aimed at overcoming the limitations of conventional wide- field microscopy, namely 
to eliminate the out-of-focus information. This shortcoming was overcome by 
incorporating a focused spot of light and two confocal apertures, which eliminated 
any out-of-focal plane light from the microscope objective. Accordingly, the 
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confocal microscope is considered to collect light from the focal plane only. Over the 
years, several generations of real-time confocal microscopy have evolved, each 
characterised by different light sources and arrangements of conjugate pin-hole 
apertures. Depending on the design, they have been associated with various problems 
including; low light throughput in the tandem scanning and one sided Nipkow-disk 
based microscopes, low axial and transverse resolution in the video-rate scanning slit 
microscope (Masters and Bohnke, 2002). Attempts at overcoming these fallibilities 
have resulted in the development of laser scanning confocal microscopes (LSCM). In 
LSCM, a monochromatic and coherent light source is focused on an object, 
backscattered light from this object passes through an optical path unto a small 
pinhole (aperture) before reaching the detector. Any light derived from locations out 
of the focal plane will not be transmitted through the pinhole. During scanning the 
focal plane is recorded in a point-by point and line-by-line raster aided by 
galvanometer scanning mirrors. Furthermore, several focal planes, termed optical 
sections, of the object can be recorded in succession allowing for 3D reconstruction 
of structures. Confocal imaging can provide a non-invasive evaluation of a 200-
400µm field of view at a resolution of 1µm, approximately without the need of 
staining the specimen. Accordingly  many studies have demonstrated its potential for 
imaging freshly biopsied (ex vivo) and in vivo structures (Collier et al., 2002, Clark et 
al., 2003, Rajadhyaksha et al., 1999, Rajadhyaksha et al., 1995, White et al., 1999). 
The contrast generated from the confocal images is attributed to the light 
backscattered from various tissue components. For example, cytoplasmic melanin 
and keartohyalin granules are thought to be the source of strong backscattering in the 
skin.  Accordingly confocal imaging has been used to characterise various skin 
pathologies including psoriasis (Gonzalez et al., 1999b), folliculitis (Gonzalez et al., 
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1999a) and neoplastic lesions (Gonzalez and Tannous, 2002) . It has also been used 
to visualise cervical and oral epithelial tissues where key morphological and cellular 
features associated with normal and neoplastic lesions have been characterised from 
ex vivo specimens (Clark et al., 2003, Collier et al., 2002). Indeed a study reported a 
100% sensitivity and a 91% specificity in the discrimination of high grade cervical 
pre-cancers from normal tissue, using parameters extracted from confocal images 
(Collier et al., 2002). To facilitate non-invasive pathological diagnosis of lesions and 
determination of tumour margins in real time, the potential role of in vivo confocal 
microscopes have been investigated in several studies on the skin and oral mucosa 
(Rajadhyaksha et al., 1999, Rajadhyaksha et al., 1995, White et al., 1999). While this 
technology offers the advantage of non-invasive visualisation of the cellular 
morphology and tissue architecture at subcellular resolution, the limitations 
penetration depth and small field of view considerably reduces its clinical usefulness 
(Smithpeter et al., 1998, Clark et al., 2003).  Another limitation of confocal involves 
the acquisition of images in the en face plane, an orientation which is generally 
unfamiliar to those clinicians examining histological specimens. 
1.4.3 Optical coherence tomography  
Optical coherence tomography (OCT) is a relatively new non-invasive biomedical 
imaging technology (Huang et al., 1991).  It generates high resolution cross-sectional 
images of biological samples to a depth of a few millimetres, thus making it suitable 
for visualising tissue microstructure (Gossage et al., 2006, Gambichler et al., 2007b). 
OCT measures the backscattered light generated from an infrared light source 
directed towards the target tissue, thus representing an optical analogue to ultrasound 
B-mode imaging (Gambichler et al., 2007b). Contrasts in OCT images are a result of  
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scattering inhomogeneities or variations in the refractive index, thereby permitting 
visualisation of the layered structure of tissues (Sharma et al., 2008). The compact, 
non-invasive, non-contact nature of OCT, with its inherent high resolution and 
enhanced penetration depth, provides a novel approach to biopsy sampling guidance 
not offered by other imaging modalities. Therefore the utilisation of this technique 
for selection of the most representative mucosal site prior to biopsy sampling may 
offer a considered improvement in the accuracy of diagnosis. Table 1.3 highlights the 
characteristics features of the individual imaging modalities discussed.  
 
1.4.3.1 Components of an OCT system 
The major components of the OCT system are described separately, taking into 
account the path through which light travels starting from the light source via the 
sample and reference arms and onto the detector.  
 
A. Light source  
As OCT is based on low coherence interferometry and both the bandwidth ∆λ and 
the centre wavelength λ0 of the different light sources define their axial resolutions. 
In particular, the axial resolution governed by the coherent length is inversely 
proportional to the optical bandwidth of the light source (Swanson et al., 1992). 
Currently, Superluminescent Diodes (SLD’s) with central wavelengths of 850 or 
1300nm capable of achieving high axial resolutions of 10-15µm remains the most 
popular light source used in OCT studies (Drexler et al., 1999, Chen et al., 2008, 
Tearney et al., 1996). These sources also offer the benefits of affordability, simplicity 
and the portability required for clinical instrumentation. More recently, the need for 
better visualisation of morphological feature in living tissues has led to the utilisation 
CHAPTER 1: INTRODUCTION 
 - 36 - 
of light sources with broader-bandwidths. They include femtosecond based laser 
sources, for example Titanium-sapphire, Nd-glass and Cr-forsterite lasers. As 
illustrated in Figure 1.16A&B, these light sources demonstrate ultra-high axial 
resolutions during ex-vivo and in vivo imaging compared to the  Superluminescent 
diodes (SLD’s) (Drexler et al., 2001, Drexler et al., 1999, Ko et al., 2004, Li et al., 
2000). Lately, Povazay et al. 2002 demonstrated submicrometer-resolution OCT 
using a photonic crystal fiber pumped with a sub-10-fs Titanium:sapphire laser. This 
approach if implemented in a clinical system offers a superior depth resolution that 
may permit OCT to provide a definitive diagnosis. Table 1.2 gives an overview of 
some low-coherence light sources used in OCT 
B. Sample arm  
This represents the path through which the focused light beam travels prior to 
illuminating the sample under examination. 1D-backscattering profiles (A-scans) 
from the sample are also transmitted via this arm to the beam splitter where they are 
combined with the reference light for registration by a detector. The movement of the 
sample arm as illustrated in Figure 1.17 determines how the light beam is guided 
across the sample for two-, three- and four dimensional imaging. In ex vivo systems, 
a precision stage under computer control moves the sample relative to the light beam. 
For example in cross sectional (B-scan) imaging, lateral movement of the sample 
across the light beam allows for recording of multiple reflectivity profiles (A-scans).  
By contrast, for in vivo systems galvanometric-turning mirrors are used to guide the 
light beam onto the sample. 
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Figure 1.16A&B The spectrum (A) and point spread function (B) of both 
superluminescent diode for standard resolution imaging and Cr: Frosterite laser 
source for ultrahigh- resolution imaging. (Modified from  Chen et al., 2008). 
 
C. Reference arm 
This conveys the light beam to and from the scanning reference mirror (Figure 1.17). 
Because backscattering from the sample cannot be detected directly, it recombines 
with light reflected from the mirror at the beam splitter for possible interference prior 
to detection. For this interference to occur, it is imperative that the optical path 
lengths of the sample and reference arms match within the coherence length of the 
light source. In the Time Domain (TD)-OCT system, the reference arm is of critical 
importance as it translates across the mirror permitting mapping over several depths 
or transverse points depending on the scanning direction implemented. 
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Figure 1.17 Schematic of a general OCT set up, 50/50 represents the beam splitter or 
interferometer. (Modified from Tearney et al., 1998). 
 
D. Detector 
This serves to convert the optical power of light reflected from both the reference 
mirror and sample into photo current prior to display on a computer screen (Figure 
1.17). Traditionally, OCT systems utilised Charge Coupled Device image sensors 
(CCDs) as detectors. Although these sensors produced excellent image quality, they 
were bulky and expensive. Furthermore, they faced physical limitations at higher 
operation speeds as is required in real-time Doppler imaging. To overcome these 
issues, Complementary Metal–Oxide–Semiconductor (CMOS) sensors with superior 
speed performance, excellent signal to noise ratio and homogeneity characteristics 
were introduced.  
 
CHAPTER 1: INTRODUCTION 
 - 39 - 
 

















































Table 1.2 Center wavelength, bandwidth and typical axial resolutions of light sources 
used in OCT imaging. (Modified from (Fercher et al., 2003).  
 
1.4.3.2 Physical principles of OCT 
OCT is based on the principle of low coherence interferometry using an optical 
heterodyne detection scheme to detect levels of backscattered or back-reflected light 
from the sample. In general, back-reflected light from a sample combines with 
backscattered light from the reference arm at the fibre-optic coupler prior to 
registration at the photodiode detector. Interference of low coherent light only occurs 
when the optical path length of light from both sample and reference arms are 
matched within the coherence length of the light source. The resulting demodulated 
interference patterns representing depth resolved reflectivity profiles (“A-scans”) of 
backscattered intensity is recorded as vertical spikes. The horizontal position of these 
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spikes reveals the depth of the interface, while their heights represent the intensity of 
backscattered/reflected light (Figure 1.18). Lateral scanning of the light beam across 
the sample results in the generation of several adjacent 1D A-scan, which can be 
combined to form 2D cross-sectional images (B-scans) (Fig 1.19). Similarly, 
transverse scanning across various depths of a sample is utilised to form en face 
images, which are referred to C-scans in OCT imaging.  In these formats, individual 
spikes on the A-scan are reduced to bright dots such that their brightness varies 
approximately with the intensity of backscattered/reflected light. Accordingly, 
strongly reflecting areas of tissue characterised by high spikes would appears white, 
while areas with minimal reflection appear dark. Tissue areas exhibiting intermediate 
reflectivity would be displayed by various shades of grey. A number of set-ups exist 
to generate A-scans from the Low Coherence Interferometry (LCI). These include 
Time-domain OCT, based on time domain LCI and Fourier-domain OCT based on 
Fourier domain LCI. The latter can be implemented based on the measurement of 
interferometer output by a spectrometer, namely spectral-domain OCT, or 
measurement of time dependent interference signal from a swept narrow band 
continuous wave light source termed Swept source OCT. Each set-up will be 
described separately. 
A. Time-Domain Optical Coherence Tomography (TD-OCT) 
This implementation of OCT operates by rapid scanning of the reference mirror in 
the interferometer to generate a sequence of reflection events i.e. A-scan 
interferograms along the sample depth co-ordinates (z) (Figure 1.20). These A-scan 
interferograms depict the sample depth structure at a lateral position. Depending on 
the implementation of TD-OCT system, lateral scanning under computer control can 
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be carried out in different directions to produce two dimensional images. 
Accordingly, lateral scanning in the depth direction generates cross-sectional images 
(B-scans), while scanning in the transverse plane produces C-scans or en face images 
















Figure 1.19 Schematic physical principles of OCT: Adjacent back-scattering profiles 
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The TD-OCT technique is limited by long acquisition times attributed to movement 
of the reference mirror, a prerequisite for generation of A-scan interferograms. 
Furthermore, in relation to other OCT modes, their axial resolution is reduced. All 
these limitations prevent the rapid acquisition of data required for generation of high-
resolution 3D OCT image (Costa-Cunha et al., 2009). 
 
Figure 1.20 The main components of a time domain optical coherence tomography 
system (Note the moving reference mirror). The undotted lines depict the sample and 
reference beams that generate the interference signal at the photodetector. (Modified 
from Masamichi et al., 2009). 
B. Fourier- Domain Optical Coherence Tomography (FD-OCT) 
i. Spectral-Domain Optical Coherence Tomography (SD-OCT) 
This arrangement does not incorporate the modulation of the reference mirror by 
mechanical means. Instead interfering light beams reflected at the sample and 
reference mirror are recorded as a function of a wavelength, since a given path 
difference generates a unique wavelength- dependent signature of phase differences 
(Bohringer et al., 2006). The depth information i.e. A-scans is retrieved by Fourier 
transformation of the light output at the Michelson interferometer and subsequently 
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detected separately by the use of a spectrometer and a Charged Coupled Device 
(CCD) array. Since spectral/Fourier domain OCT (FD-OCT) provides simultaneous 
registration of all spectral components, as opposed to light returned at a given echo 
delay as in the TD-OCT, there is a dramatic increase in its sensitivity in terms of  
signal to noise ratio (Nassif et al., 2004, Bohringer et al., 2006, de Boer et al., 2003) . 
Furthermore, there is also a decrease in image acquisition times resulting in high 
imaging speed at ultrahigh resolution (Wojtkowski et al., 2005). These features of 
FD-OCT enable a wide range of novel applications including high speed OCT 
(Wojtkowski et al., 2004), 3D-OCT (Adler et al., 2009) and high speed Doppler OCT 
(Leitgeb et al., 2003b, Leitgeb et al., 2004). Although, this technique demonstrates 
potential advantages, the use of a high performance spectrometer and CCD camera 
increases the complexity and cost of the OCT set up (Huber et al., 2005b). 
Furthermore, the use of CCD arrays may cause problems associated with phase 
washout by changes in the sample arm length during the pixel integration time 
(Leitgeb et al., 2003a). 
ii. Swept source Optical Coherence Tomography (SS-OCT) 
This system is based on the use of a continuous narrow band width light source that 
permits frequency tuning. The output of the light source is divided into a reference 
arm and a sample arm. The interference between the two light arms is detected with a 
photodetector, during which the wavelength of the light source is swept and the path 
lengths of both the reference and sample arms are held constant (Figure 1.21). The 
axial reflectivity profile (A-line) is obtained by discrete Fourier transforms (DFT) of 
the sampled detector signals (Yun et al., 2003). Compared to the SD-OCT, the SS-
OCT incorporates a simpler optical set up without the need for a spectrometer and a 
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CCD camera (Huber et al., 2005b). Furthermore, phase washout is not encountered 
in SS-OCT (Yun et al., 2003). In addition, a SS-OCT offers a high imaging speed 
and a high sensitivity enabling volumetric scanning and the possibility of dual 
balanced detection (Huber et al., 2006, Huber et al., 2005a).  
 
Figure 1.21 The main components of a swept source frequency domain optical 
coherence tomography system (Note the stationary reference mirror). The undotted 
lines depict the sample and reference beams that generate the interference signal at 
the photodetector. (Modified from Masamichi et al., 2009). 
1.4.3.3 Spatial characteristics of OCT  
The spatial resolutions of an imaging system are one of the primary parameters used 
to characterise its performance. In optics, these characteristics are regarded as the 
measure of the ability of a system to distinguish closely spaced points in both the 
axial and transverse directions (Righetti et al., 2002).  
A. Axial/Depth resolution 
Axial/depth resolution is a measure of the ability of an imaging system to resolve 
two reflecting structures closely spaced in the axial direction.  In OCT, this 
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parameter is governed mainly by the temporal coherence length which is inversely 
proportional to the optical bandwidth of the light source (Drexler et al., 1999, 
Carrasco et al., 2004). Accordingly, OCT systems utilising narrow width 
superluminescent diodes providing standard resolutions of 10-15µm, while those 
built using state of the art broad-width femtosecond laser technology achieved 
ultrahigh resolutions of the order of 1µm in tissue. Another strategy which improved 
the axial resolution in OCT systems involved the use of multiple light sources to 
synthesize a source with a short coherence length (Schmitt et al., 1997). This 
approach was based on an extension of a concept developed originally for fibre-optic 
white-light sensing systems (Rao et al., 1993).  Using this approach the peak 
wavelengths of emission and bandwidth of several independent SLDs are chosen to 
achieve the desired temporal coherence properties, thus improving the effective axial 
resolution of the OCT microscope. Fig. 1.22 shows a schematic of a combination of 
two and three light-emitting diodes improving resolution.  
 
Figure 1.22 shows the layout of an OCT system that employs multiple light sources 
and detectors to suppress speckle and improve resolution. (Modified from Schmitt et 
al., 1997)  
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B. Lateral/transverse resolution 
Lateral/transverse resolution is a measure of the ability of an imaging system to 
detect closely separated objects at equivalent depth in tissue. The lateral resolution of 
an OCT system is dependent on the minimum waist radius of the focused (Gaussian) 
incident beam resolved by the numerical aperture of the microscope objective. 
Accordingly, a small waist radius of the OCT incident beam resulting from a higher 
effective numerical aperture enhances the lateral resolution of the microscope. 
Although, increasing the numerical aperture improves the lateral resolution, the out-
of-focus areas on either side of the very small range of the depth of field exhibits 
blurring (Yu et al., 2007). In other words, lateral resolution can either be limited by 
the transverse sampling rate or/ and the size of the incident beam.  To overcome this 
limitation several approaches have been adopted based on the use of:- 
 Adaptive optics (Hermann et al., 2004),  
 Axicon lens (Ding et al., 2002),  
 Dynamic focusing (Wang et al., 2003, Cobb et al., 2005),  
 Inverse scattering and deconvolution algorithms (Ralston et al., 2006, Piao et 
al., 2001, Yasuno et al., 2006)  
 Two dimensional diffraction models (Yu et al., 2007).  
Although these individual approaches are clearly important, the physics and 
engineering underlying them are beyond the scope of the present work.  























Modality Ultrasound microscopy    Confocal microscopy    Optical coherence 
tomography 
Probing depth Histological structures 
 
Subcellular structure Histological structure 
Contrast  Back reflection of acoustic impulses 
 
Back scattering and refraction  Change of refractive index 
Axial resolutions  ~20µm 
 
~1µm ~5µm 
Lateral resolutions ~60µm 
 
~3µm ~5µm 
Penetration depth ~50µm 
 
~300µm ~1mm 
Field of view mm-cm 
 
Mm mm-cm 
Main imaging mode A- Mode, B-mode and M-mode  
 
En face, volume from stacks B-scans, volume from adjacent 
B-scans 





Notes  Tissue contact Limited imaging depth Imaging in highly scattering 
tissue 
 
Table 1.3 Summary of the characteristic features of the three main microscopic imaging modalities  
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1.4.4 Current application of optical coherence tomography in Dentistry 
The clinical need for early detection and continuous monitoring of disease 
progression in conjunction with recent advances in the field of optical engineering 
has driven the utilisation of OCT in the evaluation of hard- and soft tissue structures 
in the oral cavity. Current applications in oral health care is widespread including  
periodontology, cariology and the evaluation of oral mucosal tissues in health and 
disease. A brief review is provided.  
A. OCT in periodontology 
Periodontal diseases are plaque–induced disorders, which exhibit morphological 
changes including the loss of connective tissue attachments and resorption of 
alveolar bone. Currently, establishing a diagnosis and evaluation of disease 
progression is based on the visualisation of morphological changes on intra-oral 
radiographs and the quantification of attachment loss from tooth surfaces. Such 
diagnostic methods are necessarily limited. For example, conventional intra-oral 
radiograph represents a 2D view of 3D anatomical structures, hence important 
diagnostic information may be obscured by superimposition of regional anatomy 
(Matteson et al., 1996). Furthermore, the measurement of attachment loss which 
involves the use of mechanical and pressure-sensitive probes can be painful for 
patients and subject to significant inaccuracies. To ensure direct visualisation of 
microstructural details of the tooth-mucosal interface without undue exposure to 
ionising radiation and also to improve reliability when quantifying attachment loss, 
OCT was used to examine porcine periodontium in an ex vivo feasibility study 
(Colston et al., 1998b). Based on the successful outcome of this study, including the
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 identification of key morphological features, an in vivo OCT probe was developed 
for in vivo imaging of gingival tissue and alveolar bone in human subjects (Colston 
et al., 1998a, Otis et al., 2000). Although still at the research stage, both studies 
reported the distinct visualisation of the tooth-mucosal interface in association with 
key anatomical features of the periodontium necessary for disease detection. 
Furthermore, probing depths were correlated to sulcus depth measurements in OCT 
images. Although OCT reveals microstructural details of the periodontal soft tissues, 
its potential for identifying active periodontal disease has yet to be reported.  
B. OCT in caries detection and management 
The utilisation of fluoride in its many forms for dental care has caused many 
incipient occlusal carious lesions to remain undetected using the conventional 
visualisation techniques involving either visual observation, the use of a sharp 
explorer tool or the use of routine dental radiographs. This has largely been attributed 
to lack of  sensitivity and specificity required for early lesion detection and the 
inability to provide dynamic information on caries activity (Gimbel, 2008, Choo-
Smith et al., 2008). Accordingly, most cases of early caries progress until they 
cavitate into dentine therefore requiring invasive, irreversible removal and 
restoration of tooth structure. To ensure objective identification of incipient carious 
lesions and dynamic monitoring of de- and re-mineralisation, several studies have 
explored on the use of OCT imaging (Choo-Smith et al., 2008, Amaechi et al., 2001, 
Colston et al., 2000, Jones et al., 2006, Jones and Fried, 2006). In these studies 
microscopic features of mineralised tooth structures were characterised quantitatively 
and qualitatively. Based on this information the precise lesion location, depth i.e. 
proximity to the dentino-enamel junction and surface integrity of carious and early 
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stage demineralization lesions were elucidated. Most importantly OCT was used to 
quantitatively monitor the dynamic process of de- and re-mineralisation of carious 
lesions with a view to providing the much required information for early 
interventions. In addition to caries detection, OCT has also been utilised for 
evaluation of the marginal adaptation and structural integrity of dental restorations 
(de Melo et al., 2005, Tomlins et al., 2007). This application offers a potentially 
more sensitive method for detection of recurrent caries, thereby reducing the risk of 
subsequent tooth loss. Other novel applications of OCT on mineralised dental 
structures includes the identification of vertical root fracture location (Shemesh et al., 
2008) and the characterisation of the anatomy of root canals and dentinal wall in a  
non-destructive manner (Shemesh et al., 2007). 
C. OCT in evaluation of normal and pathological oral mucosa  
Most disorders of the oral mucosa, particularly pre-cancers and cancers arise per se 
within the surface epithelium. Hence, these conditions are readily accessible to sub-
surface visualisation techniques. Because OCT can yield cross-sectional architectural 
information, typically creating a non-invasive ‘optical biopsy’ without the need for 
excisional biopsy, it offers a promising new adjunctive diagnostic technique.  
Considering the potential role OCT could play in the diagnosis of oral mucosal 
lesions, several ex-vivo and in vivo research studies have explored its potential to 
characterise micro morphological features of normal and some pathological lesions 
of the oral cavity and oropharynx. Indeed previous OCT  studies have focussed on 
non-pathological sites, including the characterisation of  the floor of the mouth 
(Ridgway et al., 2007), lower lip labial glands (Ozawa et al., 2009b), buccal mucosa, 
ventral and dorsal surface of the tongue (Ridgway et al., 2006). In addition, 
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pathological conditions ranging from vascular malformations (Ozawa et al., 2009a), 
radiation-induced oral mucositis in hamsters (Muanza et al., 2005, Wilder-Smith et 
al., 2007), oral leukoplakias (Ridgway et al., 2006) oral dysplasia  and malignancies 
(Wilder-Smith et al., 2009, Ridgway et al., 2006) have also been evaluated for 
diagnostic purposes. To date, however, most studies on the oral mucosa have 
resorted to qualitative interpretation and comparison of OCT images and 
corresponding histology sections. To resolve some of the ambiguities associated with 
this approach, a few recent studies have embarked on the statistical analysis of OCT 
images with a view to ensuring an objective and more efficient way of characterising 
diagnostic information (Lee et al., 2009, Tsai et al., 2009). In one such study Tsai 
reported the analysis and statistical results of OCT images of oral cavity lesions 
based on diagnostic indicators extracted from single A-scan intensity profiles. 
Utilising a similar approach, the same authors identified a decrease in epithelial 
thickness and the homogeneity of the lamina propria,  as effective indicators for 
diagnosis of oral submucous fibrosis (OSF) based on OCT scanning (Lee et al., 
2009). Of interest is their use of statistical analysis of the distribution of staining 
intensities from digitised OSF histology sections. In conclusion, the quantitative 
characterisation of key micro morphological features relied upon by pathologist to 
establish diagnosis offers a prospective approach that could be utilised in future OCT 
studies of other pathological conditions of the mouth.  
1.5. Aims and objectives  
1.5.1 Aim  
The overall aim of this work is to establish robust quantifiable parameters derived 
from OCT images, which can characterise architectural features of oral soft tissues in 
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health and disease. Ultimately, the aim would be to develop a stand alone in vivo 
OCT tool for use in the mouth, which identifies early signs of architectural changes 
in order to selectively locate tissue areas for biopsy and subsequent histological 
evaluation. 
1.5.2 Objectives  
 To conduct a feasibility study on excised non-human tissue stored using 
different preservative methods 
 To conduct performance optimisation of the commercial OCT system with a 
view to identifying OCT B-scans that match with corresponding histological 
sections  
 To identify and characterise imaging artefacts in OCT B-scans 
 To qualitatively characterise OCT B-scans of common benign, inflammatory 
and pre-malignant oral mucosal lesions using histopathology as a reference 
 To demonstrate a quantitative comparison of characteristic morphological 
features in matched images from both visualisation modalities 
 To identify and extract robust quantifiable parameters for objective 
characterisation of OCT and histology images of normal and pre-malignant 
oral mucosal lesions 
 To perform statistical analysis on the extracted quantifiable parameter so as to 
permit objective comparison and differentiation of normal and pre-malignant 
oral mucosal lesions in both visualisation modalities 
 To generate parameterized OCT images of normal and premalignant oral 
mucosal lesions, utilising a relative optical attenuation coefficient at 
particular locations.
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Chapter 2 
Performance Optimisation of a Commercial OCT System 
2.1 Introduction 
 
Optical coherence tomography (OCT) is a rapidly emerging coherence-domain 
imaging technique capable of non-invasive in vivo imaging of sub-surface structures 
in biological tissues at a depth of millimetres (Wilder-Smith et al., 2007). It 
combines a broadband, low coherent near infrared light source with the principles of 
Michelson interferometry to produce high resolution cross sectional images from a 
series of lateral depth-scans, known as A-scans (Huang et al., 1991, Fujimoto et al., 
1998). Although similar to ultrasound, OCT measures the intensity of backscattered 
optical signal, which represents the optical property or reflectivity of tissues as a 
function of depth rather than acoustic reflectivity. Furthermore, unlike ultrasound, 
OCT imaging can be performed directly on the tissue surface without the imposition 
of an index matching fluid.   
 
Until recently, OCT was employed singularly for ophthalmological applications 
owing to the transparent and low scattering nature of the retina. (Voo et al., 2004). 
These unique properties of the retina permitted the acquisition of cross-sectional high 
resolution images for identification and characterisation of retina pathologies, 
including macular holes, glaucoma, age-related macular degeneration (AMD), 
macular oedema and diabetic retinopathy (Srinivasan et al., 2006). Achieving a 
similar goal in non-transparent and strongly scattering tissues requires the utilisation 
of broader bandwidth light sources, which produce higher output laser power, 
improved penetration depth and decreased scattering and absorption characteristics 
(Tearney et al., 1998). This realisation coupled with the introduction of Fourier 
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domain systems with enabled video-rate imaging and higher signal-to-noise ratio 
relative to the conventional time domain set-up has increased OCT’s utilisation in 
non-ophthalmological disciplines. These include urology, dermatology, pneumology 
and gastroenterology.  
 
These technical advances have facilitated the examination of strongly scattering soft 
tissues of the oral cavity, in order to characterise morphological and architectural 
features associated with both normal and a range of oral pathological states. However, 
to date, most of the OCT interpretations provided in the ex vivo and in vivo OCT 
studies remains largely intuitive and empirical in nature (Westphal et al., 2005). To 
ensure OCT images become clinically relevant, a necessary step towards adopting 
OCT as a clinical tool for use on the oral mucosa, the structures visualized in OCT 
images must be carefully correlated with corresponding tissue microstructure. 
Accordingly, the initial objective was to conduct an ex vivo feasibility study to 
demonstrate the capabilities of the commercial OCT system in characterisation of 
oral mucosa tissue microstructures. Subsequently, the objective was to optimise the 
image acquisition protocol and registration to yield a maximum number of image 
correlates, thereby facilitating qualitative and quantitative comparisons of both 
visualisation modalities. Using the 2D OCT B-scans acquired, the final objective was 
to explore and present possible image artefacts relating to resolution, propagation 
path and light attenuation. These objectives were conducting via a feasibility study, 
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2.2 Materials and Methods  
2.2.1 Feasibility study 
2.2.1.1 OCT system 
An Ex-vivo 1301 OCT microscope manufactured and supplied by Michelson 
Diagnostics Limited (Kent, UK) was used in this study. The microscope was a 
swept- source-Fourier-Domain OCT system incorporating a Michelson 
interferometer illuminated by a broad band light source (Santec-HSL-2000-10). The 
centre wavelength was 1305±15nm with a 150nm bandwidth and an output laser 
peak power of 15mW. Additionally, the system was capable of capturing real time 
images at a frame rate of 1.9 fps with an axial and lateral resolution in tissue of 10.9 
and 8.4 µm respectively (Tomlins et al., 2009). Unlike most conventional OCT 
systems, the Ex-vivo 1301 OCT microscope incorporated four individual laser beams 
focused at different depths. Each beam provided a lateral focus better than 10 µm 
over a depth focus of 0.25mm, thus affording a total focal range of 1mm (Figure 2.1). 
The light from all four beams focused at different depths are evenly divided by a 
fibre optic coupler into both reference and sample arms, subsequently light from both 
arms are focused  onto the reference mirror and sample, respectively. Back reflected 
light traveling from both arms are then recombined at the fibre optic coupler with the 
intention of obtaining an interference signal when the distance traveled in both arms 
are nearly identical i.e. when the path difference of both arms are matched within the 
coherence length of the light source, thereby enabling depth resolved imaging.  
2.2.1.2 Sample collection  
Following ethical approval, two individual healthy adult Albino rats obtained from 
the Animal centre of the Bart’s and the London School of Medicine and Dentistry 
Queen Mary University of London were sacrificed. Oral mucosal samples from the 
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tongue and cheek were excised and divided into two groups. Tissue sample from 
both groups were subjected to different storage conditions, prior to OCT imaging. 
Biopsy samples in one group were stored in tissue fixative solution (10% formalin 
saline solution), whilst those in the other group were preserved in growth media 





Figure 2.1 Schematics showing the four individual laser beams focused at different 
depth resulting improved lateral and axial resolution (Image reproduced from 
Michelson diagnostic brochure for Ex vivo 1301 OCT microscope with permission). 
 
2.2.1.3 OCT image acquisition  
To capture cross sectional OCT B-scans, imaging was performed on the formalin-
fixed and fresh biopsy samples within 6 and 12hours of tissue excision, respectively. 
Prior to OCT image acquisition, the biopsy samples were orientated on the stage of 
the microscope, such that the OCT incident beam was approximately perpendicular 
to the epithelial surfaces. Because the OCT system had no motorised stage for 
sequential acquisition of B-scans and the initial objective was to demonstrate its 
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ability to characterise oral mucosa tissue microstructure alone, no particular attention 
was paid to the scanning intervals along the transverse axis. Instead, OCT B-scans 
were acquired at general areas of the tip, middle and base of the excised tongue and 
cheek. A total of 18 OCT images from both groups were acquired in this study. 
Following OCT imaging, the group of fresh biopsy samples were subjected to tissue 
fixation in 10% formalin saline. Subsequently, samples from both groups were 
processed and embedded in paraffin and 6µm sections were cut with a microtome 
and stained with standard haematoxylin and eosin (H&E) for microscopic analysis.  
 
2.2.2 Human study 1 
The feasibility study revealed a number of limitations in the original commercial 
instrument. Accordingly, the OCT system was upgraded to address some of these 
issues as summarised in Table 2.1. 
 
2.2.2.1 Preparation of specimen and OCT image acquisition 
Based on the OCT system modification, subsequent image acquisitions were 
conducted on biopsy samples obtained from 71 patients with a range of pathologies 
attending the Oral Medicine clinic of The Barts and the London Hospital (See Table 
2.2 for the distribution of biopsy samples imaged in human study 1 and 2). Prior to 
biopsy sample excision, approval of the local ethical review committee was obtained. 
Following excision, biopsy samples were immediately placed in 10% formalin saline 
solution prior to image acquisition. OCT images were obtained from the formalin-
fixed biopsy samples within 24 hours of excision, on the basis that it did not interfere 
with the routine pathological and diagnostic procedures.  























































Hardware and software limitations System upgrades implemented 
Inability to identify the precise location of OCT incident beam 
on biopsy samples during image acquisition 
Integration of a visible 560nm red tracer  laser beam which allowed for visualisation of the 
area of interest being scanned 
Inaccurate positioning of samples on the microscope stage, 
leading to non sequential acquisition of OCT B-scans  
Incorporation of a motorised stage (Figure 2.2) under computer control, which ensured 
accurate positioning and image acquisition at predetermined intervals. 
Inability to photography the precise orientation of biopsy 
samples during imaging   
Incorporation of a 1.3 megapixel camera to capture orientation of samples during imaging  
Utilisation of a laser source with a sweep range of 100nm 
producing an axial resolution of 12µm in tissue.  
Light source was upgraded to 150nm laser resulting in an improved axial resolution (7.5µm 
in tissue)  
No biodata software interface Incorporation of a biodata software interface allowing a base name, patient number, sample 
code to be given to each biopsy sample scanned and electronically stored. Furthermore, this 
interface allowed for relevant macroscopic features of the specimen to be recorded for future 
references 
Image acquisition software Modification of the image acquisition software to included a glossary of image acquisition 
facilities (Figure 2.3) used to improve the quality of OCT B-scans captured. 
Post processing image acquisition software Modification of the post processing image acquisition software to include an algorithm for 
blending the image from each OCT beam to produce a seamless composite image without 
loss of detail. 
Table 2.1 Summary of the modifications made to the OCT system as a result of the limitations identified in the feasibility study
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Histopathological Diagnosis Human study 1 Human study 2 Total 
Fibro-epithelial polyp 4 12 16 
Oral lichenoid reaction 2 6 8 
Hyperkeratosis 7 6 13 
Oral lichen planus 1 2 3 
Cystic lesions 5 4 9 
Squamous papilloma 1 3 4 
Granular cell tumour - 2 2 
Clinically normal - 2 2 
Severe dysplasia 1 1 2 
Pleomorphic adenoma - 1 1 
Chronic sailidenitis - 1 1 
Chronic hyperplastic candidiasis - 1 1 
Chronic gingivitis - 1 1 
Lipoma - 1 1 
Mild dysplasia 1 1 2 
Verrcous hyperplasia - 1 1 
Orofacial granulomatosis - 1 1 
Pyogenic granuloma 1 - 1 
Moderate dysplasia 2 - 2 
 
 
Table 2.2 Distributions of human biopsy samples imaged by their histopathological 
diagnosis (These samples were also analysed in Chapters 3, 4, 5 and 6) 
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Figure 2.2 Image showing the motorised stage and controller incorporated into the 
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During this study, three to five areas of each specimen were selected for imaging 
with the intention of avoiding long image acquisition times. Subsequently, biopsy 
samples were orientated on a computer controlled linear translation stage with the 
OCT illumination normally incident upon the epithelial surfaces. The position of the 
OCT incident beam on the areas of interest was guided by a visible red laser light. 
Before commencing OCT imaging, focal adjustment was performed to guarantee 
optimal image formation. Using the motorised linear translation stage, imaging of the 
selected site of the biopsy samples was performed at 100µm intervals along the 
transverse axis.  
 
2.2.3 Human study 2  
To ensure OCT images are clinically interpretable, there is a need to visually 
correlate OCT images with histology, which represents the gold standard technique. 
To achieve this, formalin-fixed biopsy samples were orientated for imaging using the 
same technique adopted in the human study 1. However, in this study, regardless of 
its size, each biopsy sample was scanned transversely at 5µm intervals across its 
entire length. This interval took into account the thickness of standard 
histopathological sections prior to staining. Although this technique resulted in 
longer image acquisition times, requiring regular irrigation with formalin to keep the 
sample moist, it allowed the acquisition of multiple, parallel and sequential cross-
sectional OCT images across the entire length of the samples.  
 
2.2.4 Histopathological processing 
After OCT imaging, biopsy samples from each of the three studies were subjected to 
the following routine histopathological processing. 
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2.2.4.1 Gross examination and placement in tissue cassettes  
On arrival in the laboratory, the biopsy specimens were grossly examined by the 
pathologist, entailing the recording of its size and other associated features. 
Depending on the size of the specimen, all or part of it were placed into a small 
plastic cassette which held the tissue while it was processed into a paraffin block. 
The orientation of each tissue sample in the cassettes took into account the 
positioning and registration during OCT scanning i.e. the epithelial surfaces was 
orientated perpendicular to the sectioning plane.  
 
2.2.4.2 Dehydration 
Subsequently, the cassettes with the enclosed tissue blocks were placed under 
running water overnight to rinse out any remaining fixative solution. Rinsed tissue 
blocks were then transferred sequentially to 30%, 50%, 70%, 80%, 90% and 100% 
alcohol, each concentration for approximately 2 hours. Finally, the block was placed 
in a second 100% ethanol solution to ensure complete dehydration of the sample. 
 
2.2.4.3 Clearing and paraffin embedding  
Subsequently, the blocks were placed into a 50:50 mixture of absolute ethanol: 
xylene for 2 hours then transferred into pure xylene and a 50:50 mixture of xylene 
and paraffin, before been placed in an oven at 56-58
o
C (the melting temperature of 
paraffin). Afterwards, the blocks were transferred into pure liquefied paraffin for 1 
hour and then into a second container of molten paraffin for an additional 2-3 hours. 
These steps were aimed at ensuring the tissue blocks were completely infiltrated with 
the molten paraffin. Once completed, tissue was taken out of the cassettes and 
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orientated in an embedding mould on to which melted paraffin was poured and 
allowed to cool thereby forming a block. 
2.2.4.4 Sectioning  
The tissue blocks were mounted on to a routine rotary microtome and sectioned at 
5µm intervals, similar to the OCT scanning intervals utilised in human study 2. Each 
of the cut sections were floated in a warm water bath that helped remove wrinkles. In 
preparation for staining, the sections were placed on a glass microscopic slide and 
then into a warm oven for about 15 minutes to ensure the paraffin sections adhered to 
the slide.  
 
2.2.4.5 Haematoxylin and Eosin staining  
Prior to staining, the embedding process was reversed in order to remove the paraffin 
wax out of the tissue and ensure penetration of the water soluble dyes, such as 
Haematoxylin and Eosin (H&E), into each section. De-paraffinisation and 
rehydration of sections was achieved by running the slides through xylene, alcohol 
and water using the following protocols; 
 
 3 x Xylene (blot excess xylene before going into ethanol) 
 3 x 100% ethanol 
 1 x  95% ethanol 
 1 x 80% ethanol 
 1 x deionized H2O 
 Blot excess water from slide holder before going into Haematoxylin. 
Haematoxylin staining 
 1 x Haematoxylin 
 Rinse in deionized water 
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 1 x Tap water (to allow stain to develop) 
 Dip 8-12x (fast) Acid ethanol (to destain) 
 Rinse 2 x Tap water 
 Rinse 1 x Deionized water (can leave overnight at this stage) 
 Blot excess water from slide holder before going into eosin. 
Eosin staining and dehydration 
 1 x 30 sec Eosin  
 3 x 95% ethanol 
 3 x 100% ethanol (blot excess ethanol before going into xylene) 
 3 x Xylene 
 Leave slides in xylene overnight to get good clearing of any water. 
 
2.2.4.6 Coverslipping  
Post eosin staining and dehydration, the stained sections were mounted with 
coverslips to protect the tissue from being scratched and to provide a better optical 
quality for viewing under the microscope. This involved the following steps 
 Placing a drop of a xylene based mounting agent (Permount) onto the slide 
using a glass rod, taking care to avoid any bubbles. 
 Angling the coverslip so that it fell gently onto the slide while allowing the 
mounting agent to spread beneath the coverslip, covering all the tissue. 
 Drying overnight in a hood.  
 
2.2.5 Histology image acquisition  
Histology images of the scanned oral mucosal samples were acquired using an 
Axiocam microscope with a X10 objective lens coupled to a CCD camera (Carl Zeiss 
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MicroImaging GmbH). Scale bars were incorporated on the acquired images using 
the Axiocam graphic interface software. Because the complete image of histology 
sections could not be captured in one image using a X10 objective, multiple 
overlapping images were acquired. Depending on the size of the stained section, 
about 10-40 images were acquired. Using commercial photo stitching software 
(Panoramic Tools graphical user interface ‘PTgui’) the overlapping images were 
automatically stitched into a panoramic image for future visual correlation with OCT 
B-scans. An example of this operation using multiple overlapping histology images 
is shown in Figure 2.4 
 
 
Figure 2.4A, B, C & D.  Four non-orientated and overlapping histological images of 
a squamous papilloma lesion taken with a X10 objective lens. (E) The final stitched 
image using PTgui software. 
 
2.2.6 Visual correlation of OCT and histology 
Visual correlation of OCT images with their corresponding histology was achieved 
by using morphological markers, such as the thickness of the epithelial layer. This 
allowed for identification of sources of tissue contrast. The correlation between OCT 
and histology was verified by 3 independent observers. It should be noted that there 
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2.3.1 Feasibility study 
Representative OCT and corresponding histology images of the dorsal surface of the 
tongue and the cheeks of albino rats are illustrated in Figure 2.5-2.7. The OCT 
images contain levels of contrast which indicate the reflectivity, absorption, 
scattering properties of the incident light and the inherent refractive indices of the 
tissue layers within the sample. Thus, relatively dense tissue would appear as an area 
of high signal intensity and vice versa. The specialised mucosa of the dorsal surface 
of the tongue is characterised by discrete structures, referred to as lingual papillae 
(Nanci and Ten Cate, 2008). The fungiform, foliate and filiform types are associated 
with the anterior two-thirds, while the circumvallate is found on the posterior one-
third. Qualitative correlation of both visualisation modalities in Figure 2.5 and 2.6 
highlights the potential of OCT to characterise the architectural features of different 
papillae types observed in the corresponding histology sections. In a similar manner, 
the OCT image of the rat cheek (Figure 2.7A) demonstrated a two layered structure, 
namely a homogenous layer corresponding to the epithelium (EP) and a low 
scattering layer corresponding to the lamina propria (LP) in Figure 2.7B. In this ex 
vivo feasibility study, two preservation methods were evaluated, including growth 
media (DMEM, no phenol red) at low temperature and 10% formalin saline. This 
part of the study was aimed at finding out if the tissue preservation routinely used for 
histological processing would significantly alter the architectural features observed in 
near in vivo tissue. Figure 2.8A and B illustrate OCT images of formalin fixed (FF) 
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and freshly (FR) excised posterior third of rat tongue. Qualitative comparison of 
these figures highlights considerable shrinkage of the papillary structures in the 
formalin fixed (FF) rat tongue. In addition, the contrast between the epithelium and 
the underlying muscularis mucosae (MM) appears to be indistinct in Figure 2.8B. 
Another important observation was the reduced imaging depth in Figure 2.8A 
relative to 2.8B. With the exception of these differences, the morphological features 






Figure 2.5A&B (A) OCT image and (B) the corresponding histology of the excised 
posterior third of the dorsal surface of a rat tongue EP-Epithelium, MM-Muscularis 
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Figure 2.6A & B (A) OCT image and (B) the corresponding histology of the excised 
anterior two thirds of a rat tongue (Dorsal surface). GR- Grove, FLP- Filiform 




Figure 2.7A & B (A) OCT image and (B) the corresponding histology of the excised 
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Figure 2.8 OCT images of (A) Formalin fixed (FF) and (B) Freshly (FR) excised 
posterior one third of a rat tongue. 
 
2.3.2 Human Study 1 
Based on the feasibility study, a decision was made to image formalin preserved 
biopsy samples. Prior to OCT image acquisitions, the whole length of each biopsy 
sample was initially scanned with the objective to identify areas that displayed 
architectural features comparable to standard histological criteria. Subsequently, such 
areas were imaged at 100µm intervals over a scan length dependent on the size of the 
sample. After image acquisition, the biopsy specimens underwent routine 
histological processing and evaluation.  
In this preliminary study, little attention was paid to precise registration of both 
visualisation modalities. Accordingly the images acquired did not tend to correlate in 
most cases, rather they represented regions of interest with unique characteristics 
associated with the individual pathological diagnosis. As an example the OCT image 
of a mucous extravasation cyst in Figure 2.9A reveals some qualitative correlation 
A 
B 
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with the corresponding histology in Figure 2.9B. In particular, the uppermost  high 
intensity signal, middle medium signal and bottom low signal intensity zones denote 
the epithelium (EP), underlying connective tissue (LP) and cystic cavity, respectively. 
Taking note of these optical differences, OCT allowed characterisation of the layered 
structures of the oral mucosa as seen in the corresponding histology of the imaged 
pathologies, with the exception of the papillomatous (Figure 2.16A), moderate and 
severe dysplastic tissues (Figures 2.11A and 2.15A). Furthermore, based on their 
corresponding histology, OCT permitted identification of a range of features, in 
particular: 
 Filiform papillae along the dorsal surface of the tongue (Figure 2.13A&B)  
 Rete processes in fibro-epithelial polyp (Figure 2.10A&B) 
 Bullae in bullous lichenoid reaction (Figure 2.12A&B) 
 Saw tooth rete pegs in lichenoid reaction (Figure 2.14A&B) 




Figure 2.9A&B (A) OCT and (B) the corresponding histology images of excised oral 
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Figure 2.10A&B (A) OCT and (B) the corresponding histology images of excised 
oral fibro-epithelial polyp E-Epithelium LP- Lamina propria 
 
 
Figure 2.11A&B (A) OCT and (B) the corresponding histology images of excised 
oral mucosal lesion with histopathological diagnosis of hyperkeratosis with moderate 
dysplasia  Note poor contrast demarcation hence difficulty in characterising tissue 
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Figure 2.12A &B (A) OCT and (B) the corresponding histology images of bullous 





Figure 2.13A&B (A) OCT and (B) the corresponding histology images of hyper-
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Figure 2.14A&B (A) OCT and (B) the corresponding histology images of mild 
dysplasia with background lichenoid reaction of excised lateral border of tongue E- 
Epithelium LP- Lamina propria Rp- Rete process 
  
 
Figure 2.15A &B (A) OCT and (B) the corresponding histology images of severe 
dysplasia of the ventral surface of the tongue, Note the disorganisation of tissue 
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Figure 2.16A&B (A) OCT and (B) the corresponding histology image of excised 
squamous papilloma of buccal mucosa 
 
2.3.3 Human study 2 
Based on the results of the first human OCT study, the image registration protocol 
was modified with a view to establishing more precise correlation of OCT findings 
with histology for oral mucosal lesions. In the modified imaging technique, the 
random selection of imaging sites was replaced by the sequential acquisition of 2D 
OCT B-scans at 5µm increments over the entire length of each biopsy samples. In 
addition to improving correlation between both visualisation modalities, acquisition 
of volumetric datasets was also designed to minimise the sampling errors associated 
with collection of single 2D OCT B-scans and histological sectioning. In addition to 
3D characterisation of architectural morphology, this registration protocol offers the 
opportunity to perform prospective quantitative studies on sequential OCT B-scans. 
Such an approach may improve understanding associated with both between and 
within variability related to pathological specimens. This can be demonstrated by a 
A 
B 
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typical example. Figure 2.17 shows a carefully correlated OCT and corresponding 
histology of an excised oral lipomatous lesion. In addition, it displays an enface 
image of the lesion formed by axial summation of the entire 3D datasets. Table 2.2 








 Figure 2.17A, B & C (A) OCT image and (B) 
the corresponding histology of an excised lipomatous lesion. FC - Fibrous Capsule, 
FS - Fibrous Septa surrounding adipocytes. The dashed red line indicates level at 
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2.3.4. 2 D OCT B-scan artefacts  
An OCT image artefact can be defined as any feature which appears in a B-scan 
which is not present in the original imaged sample. These artefacts may result from 
improper orientation of the sample during scanning, and/or consequences of the 
natural properties of the scanned tissue. Whatever their cause, these B-scan artefacts 
must be identified, so as they do not lead to a misdiagnosis. Furthermore, if the 
mechanisms underpinning these artefacts are well understood, they will be clearly 
distinguished from critical pathological features. In the following section, several 
commonly encountered artefacts are illustrated, with a basic physical explanation of 
their occurrences. The artefacts identified generally fell into groups based on 
resolution, propagation and attenuation. Below is a detailed classification of the types 
of imaging artefacts encountered.    
 
2.3.4.1 Resolution artefacts  
A. Speckle  
In addition to good spatial resolution, the identification of morphological features in 
OCT B-scans is also dependent on a good contrast between different tissue layers. 
This discriminatory ability is determined by the intrinsic contrast between tissue 
layers present and aspects of signal processing and display. OCT B- scans exhibit 
strong speckle, which is responsible for their characteristic mottled or pixelated 
nature. This speckle artefact, as illustrated in Figure 2.18, can interfere with the 
precise identification of location boundaries between the epithelium and underlying 
connective tissue. Hence, it represents a limiting factor for contrast resolution in 
OCT imaging. 
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Figure 2.18 OCT image of clinically normal buccal mucosa demonstrating poor 
structural contrast due to speckle artefacts 
 
2.3.4.2 Propagation artefacts  
A. Reverberations  
When incident light beam is perpendicular to a highly reflective surface or interface, 
the back-reflected light from such an interface is registered by the interferometer 
before re-entering the sample. Re-registration of such incident light beam will 
produce a spatial bright line twice as deep as the original reflector. This repeat 
pathway of light may be repeated many times resulting in several equally spaced 
identical surfaces (Figure 2.19 & 2.20). However, because light attenuates with depth 
subsequent reverberation bands become fainter than the original reflector. 
Reverberations can mimic solid structures in an otherwise cystic lesion (Figure 2.21). 
In addition to the above presentations, reverberations artefacts can also present as 
multiple short interval bright lines extending to a greater depth than the offending 
reflectors (Figure 2.22). In ultrasound imaging, this is referred to as a comet tail or a 
ring down artefact. 
 
B. Refraction  
In addition to reflection and absorption of light, an incident beam travelling through 
an interface between two structures can be deviated from its true direction, 
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particularly if it is not incident at 90 degree. This partial attenuation of light beam is 
referred to as refraction. This physical phenomenon can result in artefacts which 
mimic shadowing from a strongly reflective surface or simply obscure evaluation of 
tissue in the artefactual area (Figure 2.23). Other than incident angle of light, the 
ratio of light velocities in both tissues is also thought to influence the degree of 





Figure 2.19  Diagrammatic illustration shows bright parallel bands at uniform 
intervals created by incident light beam travelling multiple round trips between the 
light source and a highly reflective interface A-Light source B-Highly reflective 
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Figure 2.20 OCT image of a hyperorthokeratinised fibroepithelial polyp. Highly 
reflective tissue surface (A) produces reverberations (arrows) that could be 






Figure 2.21 OCT image of a mucous retention cyst of the upper lip. Highly reflective 
tissue surface (A) produces reverberation bands (arrows) which mimic solid 
structures within the cystic cavity.  
 
 
Figure 2.22 OCT image with multiple comet tail (CT) artefacts associated with 




CT CT CT 
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Figure 2.23 OCT image illustrating refraction artefacts (R) resulting from partial 
attenuation of light on encountering a strongly reflective areas of the sample (*) 
 
C. Mirror image  
This mirror image is a propagation artefact which may occur when light is reflected 
from a highly reflective surface. This phenomenon results from the increased time of 
light travel time from the strong reflective surface back to the interferometer where it 
is registered. The extra distance travelled by the light beam produces a mirror image 
characterised by its incorrect location and duplicated nature. Figure 2.24 illustrates a 
mirror image (arrows) of the epithelial surface in the bottom one third of the B scan.  
 
Figure 2.24 OCT image of a fibro-epithelial polyp showing a mirror image (arrows) 
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2.3.4.3 Attenuation artefacts  
A. Optical shadowing  
In OCT B-scans, this common type of artefact appears posterior to strongly reflective 
structures which prevents light from travelling further along the pathway into deeper 
tissues. Accordingly, optical shadows appear as dark bands within which structures 
are not demonstrated (Figure 2.25). 
  
2.3.4.4 Multi beam OCT artefact  
As highlighted in the materials and methods section, the OCT system used during 
this study was a multi beam OCT system, in which the scanning beams were 
synchronised (Figure 2.1). 
 
 
Figure 2.25 OCT image of clinically normal buccal mucosa illustrating a highly 
attenuating area (*) on the epithelial surface casting an optical shadow (arrows) 
below. 
 
The in-focus region of each beam was used to form a composite mosaic image. 
During the optimisation process, intensity discontinuities at the boundaries of the 
image tiles were noted (Figure 2.26). These intensity discontinuities were considered 
artefacts as they were not representative of boundaries within the tissue structure.  
 
* 
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Figure 2.26 Multibeam OCT image of denture induced fibro-epithelial hyperplasia 
showing discontinuities (arrows). 
 
2.4 Discussion 
The initial experiment was designed to allow familiarization with hard- and software 
set-up of the commercial OCT imaging system. This was accomplished with the 
feasibility study of OCT for high resolution imaging of oral mucosal tissue obtained 
from albino rats. First, qualitative comparison of OCT images with histology was 
carried out to enable verification of tissue identity and to identify sources of contrast 
in tissue. The results obtained demonstrate the ability of OCT to identify the 
epithelium, rete processes and the underlying lamina propria of the oral mucosa 
(Figures 2.5, 2.6 and 2.7). Other structures such as the papillae on the dorsum of both 
anterior and posterior surfaces of the tongue were also identifiable with OCT, and 
were confirmed by the corresponding histology (Figure 2.5 and 2.6). Secondly, the 
effects of two tissue preservative conditions were investigated with a view to 
evaluating their effect on tissue morphology. With respect to this, the process of 
fixation with formalin produced considerable shrinkage of overall sample dimensions 
and, consequently, morphological features. Nonetheless, the contrast between the 
epithelium and the underlying connective tissue appeared more distinct compared to 
samples stored in chilled DMEM (Figure 2.8). This was consistent with published 
results (Ko, 2001) suggesting that formalin-fixed tissue may be most suitable for ex 
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vivo morphological OCT imaging. In clinical practice, it is essential that minimal 
disruption occurs prior and during routine histopathological processing of biopsy 
samples excised from patients. This criterion added to the results of the feasibility 
study dictated that subsequent experiments were implemented on formalin-fixed 
biopsy tissue. Also, prior to carrying out future experiments, the changes in the OCT 
system as identified in Table 2.1 were implemented.  
The initial OCT study on human biopsy sample demonstrated the characterisation of 
pathological microstructures in a range of oral mucosal lesions. However, attempts at 
correlation between the OCT images and histology yielded a range of significant 
differences in human study 1. These could be attributed to the following deficiencies 
in the OCT imaging protocol utilised;  
 Random selection of sites to be imaged,  
 Lack of attention to imaging position and orientation between OCT and 
histology and  
 The utilisation of 100µm imaging intervals over short tissue segments, not 
necessarily coincident with the areas from which histology sections were cut.  
Since the focus of the human study 1 was to carefully correlate OCT image findings 
with histology, the previous imaging protocol was optimised to address the identified 
shortcomings. Accordingly, particular attention was paid to ensuring biopsy samples 
were orientated and imaged in the same plane as histology sectioning in human study 
2. Furthermore, compared to most OCT correlation studies where tattooing with ink 
dots was used to mark imaged sites (Cobb et al., Westphal et al., 2005), the present 
study employed  post sample orientation and scanning each sample at 5µm intervals, 
for both OCT and histology. These measures would avoid distortion of 
histopathological features, as might be predicted with the use of ink tattooing.  
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Based on the optimised protocol, the results demonstrated improved correlation 
between OCT and histology, though, minor differences could still be observed, 
which may be attributed to changes in the physical dimensions with fixation and 
sectioning (Kimura et al., 2003).  In addition, the optimised protocol also ensured the 
acquisition of a series of 2D OCT datasets, which could produce the reconstruction 
of tissue volume. Slicing of these assembled volumes enabled visualisation of the 
tissue microstructure of interest in additional planes, for example, the enface view 
(Figure 2.17C). Given both 2D OCT B-scan and 2D-ultrasound are based on 
backscattered physical parameters, they would be prone to similar artefacts. This was 
examined by reviewing volumetric datasets during image acquisition or off-line at a 
workstation. This approach revealed similarity in artefacts associated with resolution, 
propagation, and attenuation. For example, reverberation artefacts presented as bright 
parallel lines occurring at regular intervals and the ring down/comet tail, refraction, 
mirror image and shadowing artefacts identified in the OCT B-scans closely 
resembled those in 2D ultrasound images (Nilsson, 2001, Scanlan, 1991, 
Lichtenstein et al., 1997, Nelson et al., 2000) .  
Analogous to ultrasound (Burckhardt, 1978), OCT imaging is also prone to random 
speckle noise, which imparts a characteristic mottled or pixelated pattern resulting in 
a limited contrast resolution. This leads to difficulty in precisely discriminating the 
boundaries of the various levels of tissue contrast observed visually. To obviate this 
limitation, the present work will be extended in order to identify quantifiable 
parameters from A-scans based on the development of an understanding of the 
reflectivity properties of the various tissue layers. This should provide some degree 
of objectivity when characterising and collating measurements from OCT images.   
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The optimisation study has also revealed a miscellaneous artifact, associated with 
intensity discontinuities at the boundaries of image tiles (Figure 2.26). This artifact, 
which resulted in false demarcations within OCT images, was attributed to the 
differing signal-to-noise levels arising from neighboring beams of the multibeam 
OCT system. To minimise this effect, an image processing algorithm for blending 
the images from each OCT beam needed to be developed and incorporated into the 
updated version of the post-acquisition image software supplied by the manufacturer. 
This would be designed to result in a seamless composite OCT image which showed 
no loss of detail.  
 
2.5 Conclusion 
In this study, the feasibility of using OCT imaging as a technique for visualising 
tissue microstructure of oral mucosal lesions was investigated. It was found that OCT 
could characterise specific architectural features associated with superficial oral 
mucosal lesions. Furthermore, a framework was developed to evaluate and optimise 
the OCT image acquisition protocol with a view to obtaining identical correlates 
between OCT image findings and their corresponding histology. The identification of 
close correlation between both visualisation modalities was found to be a function of 
the following: 
 Careful orientation of tissue samples such that both the scanning and 
sectioning plane was coincident 
 The utilisation of identical scanning and sectioning intervals (5µm)  
The optimisation process was also found to provide a reliable means to identify and 
characterise various imaging artefacts in 2D- OCT images. 
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Chapter 3 
Optical Coherence Tomography as a potential complementary 
diagnostic tool for the oral mucosa 
3.1. Abstract 
Establishing a definitive diagnosis of oral mucosal lesions is dependent on selecting 
the most representative site for biopsy. Such an approach is based on the subjective 
visual assessment of gross morphological changes. The present chapter addresses a 
non-invasive approach using optical coherence tomography (OCT). Oral mucosal 
biopsies comprising of normal and pathological samples were imaged using OCT 
followed by routine histological processing. Structurally similar, micro-
morphological features were visually correlated in both modalities. OCT images of 
the excised biopsy samples revealed specific histological features of normal oral 
epithelium, a mucous extravasation cyst, hyper-orthokeratinised and lipomatous 
lesions of the oral mucosa. The present findings demonstrate the potential of OCT to 
facilitate selection of biopsy sites and reveal diseased oral mucosa. Furthermore it 
also offers an opportunity for continuous monitoring of disease progression without 
having to subject patients to multiple biopsy procedures.  
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3.2 Introduction 
 
The oral mucosa is made up of two structurally distinct zones, namely an overlying 
epithelium and its underlying connective tissue, the lamina propria, both of which 
can be involved in pathological processes.  However, since 90% of oral mucosal 
diseases originate within the epithelium both direct visualisation of gross 
morphological changes and good accessibility are feasible.  
 
Accordingly, diagnosis of most oral mucosal lesions is based on visual selection of 
the most representative site for biopsying and subsequent histopathological analysis. 
This gold standard approach remains highly subjective as diseases may present as 
multiple independent lesions with similar clinical features, but show significant 
differences in tissue characteristics when subjected to histological and molecular 
investigations (Wright and Shear, 1985, Incze et al., 1982, Clark et al., 2003, Poh et 
al., 2007). Therefore visual selection can be associated with an increased risk of 
sampling error culminating in an inaccurate histopathological diagnosis (Bibas et al., 
2004). An estimated 300,000 new cases per year of oral cancer worldwide, were 
identified at late stages (Rosin et al., 2007) . Since the selection of the most 
representative biopsy sites is critical to an early and accurate diagnosis introduction 
of a complementary, non-invasive imaging modality capable of characterising micro-
morphological features identified in histopathology would be of benefit.  
 
One such technique, Optical Coherence Tomography (OCT), is a rapidly emerging 
non-invasive, high resolution, light scattering-based technology capable of real time 
imaging of near surface features in strongly scattering tissues (Wilder-Smith et al., 
2007). It combines broadband, near infrared light with the principles of the 
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Michelson interferometry, to produce cross-sectional images with contrast generated 
by differences in optical scattering properties of microstructural features within 
tissues (Huang et al., 1991, Tearney et al., 1998).   
 
OCT’s capability to image at depths of up to 1-2mm in tissue highlights its suitability 
for the superficial location associated with many oral mucosa lesions (Ridgway et al., 
2006).  Previous studies have demonstrated the feasibility of using OCT to image 
lesions of the oral mucosa including, epithelial dysplasia (Tsai et al., 2009), vascular 
malformations (Ozawa et al., 2009a), and  submucous fibrosis (Lee et al., 2009) . 
However, a careful quantitative study correlating OCT findings with histology for 
oral mucosal lesions has yet to be performed. This is a necessary step towards 
establishing the efficacy of OCT as a complementary diagnostic tool in order to 
warrant commercial progression of the technology into the clinics. 
 
The objective of this study was to correlate OCT B-scan images from volumetric 
datasets with their corresponding histology in a range of oral pathological lesions not 
previously studied.  
 
3.3 Materials and Methods 
3.3.1 OCT system 
The ex-vivo 1301 OCT microscope (Michelson Diagnostics Limited, Kent, UK) was 
used in this study. This microscope is a swept-source –Fourier Domain system 
incorporating a Santec-HSL-2000 light source with a central wavelength of 
1305±15nm. The microscope was capable of achieving an axial and lateral resolution 
in air of 10.9 and 8.4 µm, respectively (Tomlins et al., 2009). 
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3.3.2 Procedures 
Biopsy samples from 23 patients attending the Oral Medicine Clinic of the Barts and 
the London Hospital were used in this study, (Table 2.2) following approval of the 
local ethical review committee. Each biopsy sample was orientated on the stage of 
the microscope such that the top surfaces were approximately perpendicular to the 
OCT incident beam, which was coincident with a visible 560nm red tracer laser 
beam. Once the focus had been adjusted, volumetric OCT images were collected by 
acquiring sequential B-Scan images at 5µm intervals, along the biopsy length with 
the aid of a motorised stage under computer control. The samples were then 
processed, paraffin embedded, sectioned at 5µm interval and stained with 
haematoxylin and eosin (H&E), the protocols of which have been detailed in section 
2.2.4. Subsequently, structurally similar features identified in OCT contrast 
generated images were visually compared with those of the corresponding 
histopathological section.  
In order to quantify and compare characteristic features of OCT and histology 
images, an average depth profiling approach was adopted.   For each image column 
(A-Scan) in both OCT and histology, the top surface was estimated as the first pixel 
with an intensity greater than half of the A-Scan maximum.  Corresponding 
intensities in all A-Scans for a given image were combined to form the mean 
intensity profile as a function of depth.  The OCT intensities were calculated on a 
logarithmic scale, whereas histology intensities were presented 
in arbitrary normalised linear units.  In OCT the physical depth was scaled assuming 
a tissue refractive index of 1.35, based upon that of water at 1300 nm wavelength 
(Tearney et al., 1995).  
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3.4 Results 
Representative OCT and matching histology images of clinically normal epithelium 
and oral mucosal diseases are illustrated in Figures 3.1-3.4. The OCT images contain 
levels of contrast, which reflect the intensity of backscattered light returning from the 
tissue layers within the sample. Thus, an area of high signal intensity corresponds to 
relatively dense tissue and vice versa. Generally, the uppermost layers of the OCT 
images are characterised by a high signal intensity band, the entrance signal (ES), as 
illustrated in Figure 3.1A, which represents a mismatch of refractive indices between 
the air and the tissue sample. Subjacent to this, there is evidence of a small area of 
relatively low signal intensity, which is most apparent in hyperkeratotic lesions as 
shown in Figure 3.3A. Further progression into the sample reveals an area of evenly 
dispersed medium signal intensity, below which is a sharp change to low intensity, as 
illustrated in Figures 3.1A and 3.3A. The arrangement of signal intensities below the 
ES correlated with the keratin and epithelial layers and the underlying lamina propria, 
as illustrated in their corresponding histology (Figure 3.1B and 3.3B). The OCT 
images associated with the mucous extravasation cyst (Figure 3.2A) revealed a 
homogenous region of low signal intensity, incorporating variable areas of medium 
intensity within the lamina propria. These corresponded with the pool of mucin (PM) 
and islands of granulation tissue (GT), as indicated in Figure 3.2B. In addition, the 
OCT images revealed the micro-morphological appearance of adipocytes with their 
surrounding capsule and intervening fibrous septae (Figure 3.4A). These 
corresponded with the histological appearance as shown in Figure 3.4B.  
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In addition, the protocol, involving an average depth profiling approach, enabled a 
quantitative comparison of characteristic morphological features in both visualisation 
modalities. In Figure 3.1B, the obvious demarcation between the epithelium and 
lamina propria is attributed to differences in their staining intensities, as was clearly 
evident in the averaged histology profile (Figure 3.1D). Notably, a similar contrast 
between both layers was also observed in the averaged OCT profile (Figure 3.1C). 
This is thought to originate from the different optical scattering properties of both 
tissue layers, which is also largely responsible for the signal attenuation with depth. 
Typically a backscattered intensity contrast of 16dB was observed between the 
epithelium and lamina propria. The 100µm transition region observed in               
OCT A-scan arose from the rete peg structure of the epithelium giving rise to a non 
uniform epithelial thicknesses. However, using the averaged A-scans from both 
modalities, the average epithelial (ET) and keratin (KT) thicknesses could still be 
quantified for comparative purposes. For example, in OCT (Figure 3.1C), the ET 
measured approximately 150µm as compared to 200µm in histology (Figure 3.1D). 
The corresponding values for keratin thickness were 50µm and 60µm respectively.  
For the mucous extravasation cyst, the visualised features in Figures 3.2A and B 
could also be characterised from their averaged A-scan profile, as illustrated in 
Figures 3.2C and D. The averaged A-scan profile of the overlying epithelium (E) in 
Figure 3.2C and D showed similar patterns to those observed in Figures 3.1C and D. 
By contrast, the pool of mucin (PM) below the epithelium which manifested as a 
dark region in Figure 3.2A, yielded the relatively low optical backscattering intensity 
as seen in Figure 3.2C. Accordingly, a contrast ratio of 30dB between the epithelium 
and the pool of mucin was noted compared with 16dB for clinically normal buccal 
mucosa (Figure 3.1C). These differences in A-scan profiles highlight the potential 
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role of quantitative analysis in characterising visualised histological features.  In the 
fibro-epithelial polyp, the hyper-orthokeratinised layer (HL), noted in Figure 3.3A 
and B, was also quantified using the averaged A-scan profiles from both modalities. 
This layer (KT) in Figure 3.3C and D was approximately 100µm in both OCT and 
histology images compared to 60µm exhibited in clinical normal buccal mucosa. 
This finding quantitatively confirmed the presence of the relatively low signal 
intensity area (HL) observed in Figure 3.3A.  
The morphological feature of interest in lipomatous lesions is the adipocyte. The 
length scale of several individual adipocytes was determined from histology images 
(Fig. 3.4B), which ranged in diameter from between 40 to 50µm, which was within 
the axial resolution of the OCT system. Because OCT can easily resolve features of 
this size, such lesions were directly recognised in an OCT image, as demonstrated in 
Figure 3.4A. Furthermore, OCT offers the potential of three dimensional imaging, 
from which en face images were produced. Visualisation of the lesion in this mode 
(Figure 3.4C) reveals the well circumscribed nature of the fat lobules. Therefore the 
development of real-time volumetric OCT into practical clinical tools offers 
tremendous benefits. However, due to the spatially repetitive nature of the lipoma 
morphology, this lesion was not well characterised by the average depth profile 
approach (Figures 3.4D and E).  Indeed, its distinguishing morphology was not 
evident when examining the average depth profile.  However, there was a striking 
visual similarity between average OCT and histology depth profiles of these lipoma 
lesions. 
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Figure 3.1A, B, C &D (A) OCT image, (B) the corresponding histology of a 
clinically normal buccal mucosa, (C) Averaged A-scan profile for Figure 3.1A and 
(D) 1B. ES - Entrance Signal, E - Epithelium and LP - Lamina propria, KT- Keratin 
thickness, ET-Epithelial thickness and 16dB represents the backscattering intensity 
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Figure 3.2A, B, C&D (A) OCT image, (B) the corresponding histology of an excised 
mucous extravasation cyst of the lower lip, (C) Averaged A-scan profile for Figure 
3.2A and (D) 3.2B. GT - Granulation tissue, E - Epithelium and PM – Pool and 
30dB represents the backscattering intensity contrast between the epithelium (E) and 
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Figure 3.3A, B, C&D (A) OCT image, (B) the corresponding histology of an excised 
fibro-epithelial polyp of the tongue (Dorsal surface), (C) Averaged A-scan profile for 
Figure 3.3A and (D) 3.3B. E - Epithelium, LP - Lamina propria,   RP - Rete pegs 
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Figure 3.4A, B, C, D and E (A) OCT image, (B) the corresponding histology of an 
excised lipomatous lesion. (D) Averaged A-scan profile for Figure 3.4A and (E) 3.4B. 
FC - Fibrous Capsule, FS - Fibrous Septa surrounding adipocytes. The dashed red 
line indicates level at which Figure 3.4C was acquired from the 3D reconstructed 
OCT image cube.  
 
3.5 Discussion and conclusions 
The qualitative and quantitative correlations of the images presented demonstrate the 
potential of OCT to non-invasively characterise pathological features of mucous 
extravasation cysts, hyper-orthokeratinised and lipomatous lesions of the oral 
mucosa. To date, these features have only been identified in histopathological 
sections for which the procedure involves the subjective selection of the most 
representative site and the need for further tissue processing in the laboratory thereby 
increasing the likelihood of introducing artefacts.  
 
OCT permits high resolution imaging of micro-morphological change in soft tissues 
at a depth of about 1-2mm (Ridgway et al., 2006). It does not, however, provide 
subcellular resolution, unlike other optical approaches such as confocal microscopy 
which images to a depth of  250µm (Clark et al., 2003). This prevents the direct 
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thus limiting the use of OCT on the oral mucosa to a complementary rather than a 
definitive diagnostic tool. Nonetheless, by comparing OCT images with histological 
features, mucous extravasation cysts and lipomatous lesions of the oral mucosa have 
been characterised, as shown in Figures 3.2 and 3.4. OCT has also been shown to 
delineate the different tissue layers in a heavily hyper-orthokeratinised lesion (Figure 
3.3). This finding was particularly noteworthy as in a previous study in psoriatic and 
ultraviolet-induced dermatitis, both hyperkeratotic lesions of the skin demonstrated a 
reduced depth of OCT imaging owing to the optical properties of the keratin layer 
(Gambichler et al., 2005, Gambichler et al., 2007b). Comparison of the epithelial 
thicknesses in OCT and histology as measured from averaged A-scan profiles 
revealed significant differences between the two techniques. In particular, there was 
a thickness reduction of approximately 25% in the OCT images compared to their 
corresponding histological sections. Although these findings show striking 
resemblance to those previously reported (Westphal et al., 2005), the present findings 
differ from other OCT studies (Anger et al., 2004, Gambichler et al., 2005, Klyen et 
al., 2008), which have reported reductions in histological thickness measurements 
owing to the distorting effects of formalin fixation and tissue processing (Kimura et 
al., 2003).  
The capability of OCT demonstrated in this study highlights its potential in 
facilitating the objective selection of oral biopsy sites based on the visualisation of 
micro-morphological features. Also, the similarities between depth profiles for OCT 
and histology suggest that both modalities share a common origin for image contrast. 
In histology, this contrast is the resultant effect of H&E stain binding to nuclear 
material to generate the high contrast images. Whereas in OCT, the cellular and 
nuclear material is responsible for refractive index differences that cause light 
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backscattering which generate images of tissue morphology. Furthermore, the 
quantitative characterisation of micro-morphological features from OCT A-scan 
analysis demonstrated in this study could offer a prospective method for automated 
recognition of disease types.  Recently, encouraging advances have recently been 
made in this field, for example (Bazant-Hegemark and Stone, 2008) have applied 
principle component analysis to the classification of different biological samples.  
Furthermore, Tsai et al (Tsai et al., 2009) have parameterised OCT images of oral 
lesions by the mean optical attenuation coefficient.  Such algorithms continue to be 
developed to identify features synonymous with specific pathological states.  A 
proposed advantage of such analysis is the elimination of inter and intra-operator 
error associated with histology that will encourage the use of sensitive methods, such 
as digital subtraction, to quantify subtle temporal changes in structure.  Furthermore, 
quantitative analysis would facilitate statistical analysis of the likely variability 
between and within groups of pathological interest.  Without such an accepted means 
of image analysis, inter-sample comparison remains a challenge. 
 
To date, limited correlation of morphological features in both OCT and histology 
remains a barrier to clinical adoption.  With respect to this, the present study 
represents an advance in the application of OCT for identification of common benign 
conditions encountered in the mouth.  Specific attention has been paid to finding 
corresponding histological sections and OCT B-Scan images from volumetric 
datasets. The results from this study provide essential baseline data for future 
development of in vivo clinical OCT systems for use within the mouth.  
Although, recent advances in OCT have seen the introduction of real-time volumetric 
imaging (Huber et al., 2006) this exciting technology is not yet commercially 
CHAPTER 3: OCT AS A POTENTIAL COMPLEMENTARY DIAGNOSTIC TOOL 
  102  
available for evaluation of the oral mucosa (Holmes, 2009). However, the present 
finding, as exemplified in Figure 3.4C demonstrates the opportunity for future 
studies to involve in vivo 3-dimensional tissue surveillance. Hopefully, this would 
facilitate the characterisation of field changes associated with oral malignancies 
(Thomson and Hamadah, 2007). 
  
The translation of this technology from the laboratory to clinic raises the hope that in 
the future only the most representative site of a lesion would be selected for 
histopathological processing.  Further refinement of the OCT tool and biometrics 
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Chapter 4 
Optical Coherence Tomography and histology: a comparison of 
findings in assessing Oral Lichen Planus and lichenoid reactions 
4.1 Abstract  
The aim of this study was to compare the findings of a non-invasive imaging 
procedure, Optical Coherence Tomography (OCT), to the current gold standard 
(histology) in the evaluation of oral lichen planus (OLP) and lichenoid reactions 
(OLR). Biopsy samples obtained from  OLP (n=3) and OLR (n=8) patients  were 
scanned at 5µm intervals using an OCT microscope (Michelson Diagnostics), after 
which samples were processed and stained with haematoxylin and eosin (H&E). 
Comparison and evaluation of structurally similar pathological features was 
performed for both visualisation modalities. The OCT patterns of the atrophic and 
reticular type of OLP and the plaque-like OLR corresponded with their histology 
sections. Furthermore, microscopic features such as the atrophied epithelium, saw 
tooth rete pegs, liquefactive degeneration of the basement membrane and lymphocyte 
infiltration of the superficial lamina propria could be identified on the OCT images. 
OCT displays morphological differences in the OLP and OLR subtypes as visualised 
in their corresponding histology sections. This capability demonstrates the potential 






CHAPTER 4: OCT AND HISTOLOGY:  A COMPARISON OF FINDINGS IN OLP AND OLR  
  105  
4.2 Introduction 
Oral Lichen Planus (OLP) is an inflammatory mediated mucocutaneous disease 
which represents the most prevalent non-infectious mucosal lesion presenting in oral 
medicine clinics.(Setterfield et al., 2000, Mattsson et al., 2002) It is reported to occur 
in about 1-2% of the general population with a peak incidence in middle aged 
patients, particularly affecting females
. 
(Setterfield et al., 2000, Chainani-Wu et al., 
2001, Sugerman and Savage, 2002)  Clinically, OLP presents as symmetrical 
bilateral or multiple white striations, papules, plaques, erythematous lesions, erosions 
or blisters affecting predominantly the buccal mucosa, tongue and gingiva. 
(Silverman et al., 1991, Sugerman and Savage, 2002, Ismail et al., 2007) Depending 
on its presentation, OLP is classified into six clinical subtypes, namely reticular, 
papular, plaque-like, erosive, atrophic and bullous. Similar to OLP, oral lichenoid 
reactions (OLR), thought to be associated with the use of certain medications and the 
presence of dental materials present analogous clinical features. Although both 
conditions are regarded as separate disease entities, they are indistinguishable 
clinically. 
 OLP is a premalignant condition with a reported malignant transformation rate of 
about 1-2% (Gonzalez-Moles et al., 2008),  additionally about 5% of pre-existing 
atrophic, erosive and plaque-like OLP has been reported to progress into oral cancer 
(Sugerman and Savage, 2002). This malignant tendency warrants regular follow-up 
of patients subsequent to OLP diagnosis to facilitate early detection of oral cancer 
and also to evaluate responses to available therapy (Setterfield et al., 2000, Epstein et 
al., 2007a).  Current guidelines recommend incisional biopsies for evaluation of 
potential histological changes (Epstein et al., 2007a).  To date, the localisation of the 
most representative OLP and OLR site for biopsy is dependent on visual examination 
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of gross morphological changes. (Sugerman et al., 2002) This approach can be 
subjective resulting in a significant risk of sampling errors and misdiagnosis. (Balas, 
2001)  
However, biopsy sampling guided by non-invasive microscopic imaging could 
facilitate submission of consistently representative samples for histological 
evaluation.  In this chapter we have investigated the ability of optical coherence 
tomography (OCT) to visualise the characteristic tissue micro-morphology 
associated with OLP and OLR. Characteristic properties of these images were 
visually correlated with morphological features identified in the corresponding 
histology, the latter representing the gold standard. 
Optical Coherence Tomography (OCT) is a non-invasive, imaging procedure which 
measures backscattered light generated from an infra-red light source. It employs low 
coherence interferometry to produce microscopic cross-sectional images of tissue 
architecture similar to histology (Gambichler et al., 2007a, Zagaynova et al., 2002).  
OCT can achieve spatial resolution of approximately 10-15µm permitting 
visualisation of microstructures up to a depth of 1-2mm in tissue.(Bohringer et al., 
2006, Zagaynova et al., 2002) Typically, OCT images are displayed by assigning 
grey scales to tissue microstructures based on the measured intensity of backscattered 
light.  
Currently, OCT has extended beyond the initial application in transparent tissues of 
the eye to more turbid biological tissues, thereby allowing for the investigation of 
microscopic architectural changes in both epidermal and mucosal surfaces of the 
body (Masci et al., 2006, Ridgway et al., 2007, Testoni et al., 2006, Welzel, 2001, 
Zagaynova et al., 2002). Previous studies have demonstrated the capability of OCT 
to visualise morphological changes associated with oral mucosal lesions including 
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vascular malformations, oral submucous fibrosis and epithelial dysplasias. (Ozawa et 
al., 2009a, Tsai et al., 2009, Wilder-Smith et al., 2009)  However, to date, no study 
has utilised OCT to visualise and quantify the morphological features of OLP and 
OLR. Therefore, the objective of this ex vivo study was to assess the OCT pattern of 
different subtypes of OLP and OLR by carrying out qualitative and quantitative 
comparison of OCT images with their corresponding histology.  
 
4.3 Materials and Methods 
4.3.1 Swept-source-Fourier-domain Optical Coherence Tomography (OCT) 
Microscope 
An Ex-vivo 1301 Optical Coherence Tomography (OCT) microscope manufactured 
and supplied by Michelson Diagnostics Limited, Kent United Kingdom was used. A 
swept frequency laser (Santec-HSL-2000-10) with a central wavelength of 1305 ± 
15nm and FWHM bandwidth of 75nm served as the light source.  The laser output 
power of the OCT system was approximately 15mW, thereby ensuring adequate 
illumination of biopsy specimens. The specific configuration provided an axial and 
lateral resolution in air of 10.9 and 8.4µm, respectively (Tomlins et al., 2009).   
 
4.3.2 Biopsy samples 
Biopsy samples from OLP (n=3) and OLR (n=8) patients attending the Oral 
Medicine Clinic of the Barts and the London Hospital were used in this study, (Table 
2.2) following approval of the local ethical review committee. The biopsy samples 
were taken from the buccal mucosa, gingiva (retromolar pad area) and the tongue of 
the patients. Following excision, the samples were stored in 10% formalin saline 
solution subsequent to image acquisition 
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4.3.3 Ex-Vivo Optical Coherence Tomography Imaging  
OCT imaging was performed on formalin-fixed OLP and OLR biopsy specimens 
within 24 hours of excision. Prior to imaging, excess preservative solution was 
removed from the biopsy samples with a cotton swab, after which they were 
orientated on a computer-controlled linear translation stage with the OCT 
illumination normally incident upon the epithelial surfaces. The positioning of the 
OCT incident beam on areas of interest was guided by a visible red laser light. 
Before commencing OCT imaging, focus adjustment was performed to guarantee 
optimal image information. Subsequently, the biopsy specimens were scanned at 
5µm intervals along the transverse axis to produce a series of sequential cross-
sectional 2D scans that were combined to form a 3D volumetric dataset of the sample. 
Acquired datasets were stored on the hard drive of the OCT system for subsequent 
off-line analysis and image processing.  
 
4.3.4 Histology and image correlation 
After OCT imaging, biopsy samples were processed, embedded in paraffin and 
sectioned at 5µm intervals. Subsequently, tissue sections were stained with standard 
haematoxylin and eosin (H&E). The protocols are detailed in section 2.2.4. 
Comparison of structurally similar features was performed for both visualisation 
modalities. 
 
4.3.5 Quantification of OCT and histology images  
In order to quantify and compare characteristic features of OCT and histology 
images, an average depth profiling approach was adopted. This has been described in 
section 3.3.2.    
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4.4 Results 
Representative OCT and matching histology images of OLP and OLR are illustrated 
in Figures 4.1-4.3. Generally, the OCT images of the OLP and OLR subtypes 
showed a characteristic intense surface entrance signal (ES) and a spatial distribution 
of signal intensities as shown in Figures 4.1A, 4.2A and 4.3A. From the upper ES to 
the lower areas of the tissue were layers of moderate (E) and lower signal intensities 
(SLI) respectively (Figures 4.1A-4.3A). In general, the moderate signal intensity 
layers (E) corresponded to the epithelium whilst the low intensity regions to the 
lamina propria (SLI) when viewed with the corresponding histological images in 
Figures 4.1B-4.3B. Measurement of matched tissue layers in Figures 4.1-4.3 revealed 
thickness differences, for example, the middle of the atrophied epithelial layer using 
OCT measured 0.16mm (Figure 4.1A) as opposed to 0.12mm with histology (Figure 
4.1B). The exact reasons for these differences remain unknown, although they may 
arise from the vertical scaling effect of tissue refractive index during OCT imaging, 
and possibly, tissue desiccation associated with fixation and histological processing. 
 
4.4.1 Atrophic subtype 
The OCT image of the atrophic subtype (Figure 4.1A) demonstrated an intense 
surface signal (ES) and a layer of moderate signal intensity (E) recognised in the 
matching histology as the epithelial layer (Figure 4.1B). Subjacent to this layer was 
an area demonstrating a low intensity signal (SLI) relative to the epithelium. This 
area matched the superficial lymphocyte infiltrated (SLI) connective tissue, as 
illustrated in Figure 4.1B. Within the lamina propria (SLI) in Figure 4.1A were 
signal free cavities (denoted by label BV) thought to correspond to dilated blood 
vessels (BV) in Fig. 4.1B. Similarly, using the average depth profiling approach, 
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quantitative comparison of characteristic morphologic features was performed. 
Notably, the averaged A-scan profiles for both OCT and histology images (Figures 
4.1C and D) showed similar trends despite differences in the underlying mechanisms 
responsible for image formation in both visualisation modalities. This quantitative 
similarity observed also validates prior qualitative correlation of both visualisation 
modalities i.e. the high, moderate and low signal intensities corresponds to the 
entrance signal, epithelium and superficial infiltrated lamina propria respectively.  
 
4.4.2 Reticular subtype 
With the reticular subtype (Figure 4.2A), a distinct entrance surface signal (ES) was 
not present, although a moderate signal intensity (E) was demonstrated with peg-like 
structures extending downwards. Like the atrophic subtype, this layer was recognised 
as the epithelium (E) in the corresponding histology (Figure 4.2B). With increasing 
depth of the OCT image there was also a layer of low signal intensity (SLI) relative 
to the epithelium (Figure 4.2A), which matched the superficial lymphocyte infiltrated 
lamina propria (SLI) in Figure 4.2B. The averaged A-scan profiles for both 
modalities showed a smaller entrance signal (Figures 4.2C and D) compared to 
Figures 4.1C and D. However, unlike the entrance signal, the epithelium and the 
superficial lymphocyte infiltrated lamina propria layers showed similar patterns to 
those observed in Figures 4.1C and D.  
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Figure 4.1A, B, C & D. (A) OCT image and (B) histology of the atrophic subtype of 
OLP from the buccal mucosa, (C) Averaged A-scan profile for Figure 4.1A and (D) 
4.1B. ES - Entrance Signal, E - Epithelium and LP - Lamina propria, KT- Keratin 
thickness, ET-Epithelial thickness BV - Blood vessel, and   SLI - Superficial 
lymphocytic infiltrated connective tissue. Scale bars 0.5mm. 
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Figure 4.2A, B, C & D. (A) OCT image of the reticular subtype of OLP from the 
Lateral border of tongue compared with (B) the corresponding histology, (C) 
Averaged A-scan profile for Figure 4.2A and (D) 4.2B. PRP - saw tooth rete pegs, 
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4.4.3 Plaque-like OLR subtype   
Analogous to Figure 4.1A, Figure 4.3A was characterised by an intense surface 
signal (ES). Beneath the ES was a region of moderate signal intensity (E) coincident 
with the epithelial layer (E). A zone of low signal intensity (SLI), identified as the 
superficial lymphocyte infiltrated (SLI) in the corresponding histology (Figure 4.3B). 
However, unlike the atrophic and reticular subtypes shown in Figures 4.1A and 4.2A, 
there was a fourth signal intensity layer (DLP) below the SLI as shown in Figure 
4.3A. This layer was recognised in the matching histology as the un-infiltrated deep 
connective tissue (DLP) (Figure 4.3B). The averaged A-scans corresponding to the 
epithelium (E) and superficial infiltrated lamina propria (SLI) in Figure 4.3C showed 
close similarities to those observed in Figures 4.1C and 4.2C, in other words the 
moderate and low signal intensities corresponded to the epithelial and SLI 
respectively. However, in contrast to the averaged A-scans in Figure 4.1D and 4.2D, 
the SLI region in Figure 4.3D produced relatively higher signal intensity, the exact 
reason for this is unknown, although the degree of lymphocytic infiltration may be a 
contributory factor. Another notable difference was the high signal intensity of DLP 
(Figure 4.3C), when compared to the corresponding averaged A-scan profile in 
Figure 4.3D. 
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Figure 4.3A, B, C & D. (A) OCT image of plaque-like oral lichenoid reaction (OLR) 
of the retromolar area co-registered with (B) the corresponding histology, (C) 
Averaged A-scan profile for Figure 4.3A and (D) 4.3B. ES - Entrance signal E - 
Epithelium, SLI - Lymphocytic infiltrate, ET- Epithelial thickness, DLP - Deep 
lamina propria and LD – Extensive liquefactive degeneration of basal cells resulting 
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4.5 Discussion and conclusions 
Effective histological evaluation requires the acquisition of biopsy samples fully 
representative of the underlying pathology. However, clinical examination provides 
poor localisation accuracy. Accordingly, the present chapter investigated OCT as a 
potential imaging tool for identification of OLP subtypes. Characteristic microscopic 
features of OLP and OLR were identifiable from the OCT and corresponding 
histology images. These features include: 
 Atrophy of the epithelium (E) (Figure 4.1A & B) 
 Saw tooth rete ridges (PRP) with alternating areas of epithelial atrophy and 
hyperplasia (Figure 4.2A & B)  
 A band-like zone of relatively low signal intensity (SLI) (Figure 4.3A), 
recognised as the lymphocyte infiltrated part of the connective tissue (SLI) 
(Figure 4.3B)  
In addition, liquefactive degeneration of the basal cell layer (LD) as evident in Figure 
4.3B, a characteristic feature of OLP and OLR was thought to be responsible for the 
poorly defined demarcation between the epithelium (E) and the superficial 
lymphocyte infiltrated connective tissue (SLI) (Fig 4.3A). It is interesting to note, 
that some of the present findings are similar to those reported in OCT imaging of 
cutaneous lupus erythematous (CLE), a chronic inflammatory disorder with 
remarkably similar histopathological features to OLP with the exception of the deep 
perivascular infiltrate (Gambichler et al., 2007a). 
This study also examined the quantitative relationship between the spatial 
distribution of the signal intensity and the morphological characteristics and patho-
physiology of OLP. The signal intensities of the histological layers from the 
averaged A-scan profiles observed in this study were in agreement with previous ex 
vivo OCT studies i.e. the epithelium displayed higher signal intensity relative to the 
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underlying connective tissue. (Hsiung et al., 2005b, Whiteman et al., 2006) (Drezek 
et al., 2003, Gurjar et al., 2001, Wax et al., 2005, Whiteman et al., 2006)  
Unlike Figures 4.1A & 4.2A, Figure 4.3A was characterised by a poor demarcation 
between the epithelium (E) and the underlying connective tissue (SLI) and a fourth 
signal intensity layer (DLP). Similar differences were also noted in the averaged A-
scan profiles. The reasons for these are unknown but may be extrapolated on the 
basis of predicted light back-scattering properties linked to the liquefactive 
degeneration (LD) of basal epithelial cells illustrated in Figure 4.3B. Indeed several 
studies using light scattering based techniques have demonstrated the direct 
relationship between nuclear size and intensity of backscattered light (Drezek et al., 
2003, Gurjar et al., 2001, Wax et al., 2005, Whiteman et al., 2006, Backman et al., 
2000, Benson et al., 1984).  Invariably, basal epithelial cells, with larger nuclei and 
increased DNA content, would backscatter more light relative to other cellular layers 
of the epithelium. However, in contrast, OLP and OLR lesions (Figure 4.3B) which 
showed extensive destruction of basal cells resulting from liquefactive degeneration 
demonstrated less back-scattering of light (Figure 4.3A).  This optical phenomenon 
may rationalise the poor boundary demarcation between the epithelium (E) and 
underlying connective tissue (SLI) observed in Figure 4.3A. Furthermore, the 
emergence of a fourth signal intensity layer (DLP) highlights a potential association 
between tissue characteristics such as inflammatory cell infiltration (SLP) and their 
changing refractive indices demonstrated in a previous study (Brezinski et al., 2001). 
This might be examined in a further controlled study.  
In conclusion, although large-scale in vivo studies are required to establish the use of 
OCT as a monitoring tool, the present ex vivo study demonstrates its promising role 
in identifying the histopathological features of OLP subtypes. Specifically, the 
CHAPTER 4: OCT AND HISTOLOGY:  A COMPARISON OF FINDINGS IN OLP AND OLR  
  117  
atrophic, reticular and plaque-like micro morphological features were identified and 
differentiated by OCT. OCT image properties were identified that correspond with 
key histological features.  Atrophic and reticular subtypes present similarly in both 
OCT and histopathology.  However, the plaque-like subtype present characteristic 
changes in the OCT image intensity that corresponds with destruction of the basal 
cells and lymphocyte infiltration.    
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Chapter 5 
 
Quantitative Analysis of Optical Coherence Tomography and 




Selecting the most representative site for biopsy is crucial in establishing a definitive 
diagnosis of oral epithelial dysplasia. The current process involves clinical 
examination which can be subjective and prone to sampling errors. The aim of this 
study was to therefore, investigate the use of Optical Coherence Tomography for 
differentiation of normal and dysplastic oral epithelial samples, with a view to 
developing an objective and reproducible approach for biopsy site selection. Biopsy 
samples from patients with fibro-epithelial polyps (n=13), mild dysplasia (n=2) and 
moderate/severe dysplasia (n=4) were scanned at 5µm intervals using an OCT 
microscope, and subsequently processed and stained with haematoxylin and eosin 
(H&E). Epithelial differentiation was measured from the rate of change (gradient) of 
the back-scattered light intensity in the OCT signal as a function of depth. This 
parameter is directly related to the density of optical scattering from the cell nuclei. 
OCT images of normal oral epithelium showed a clear delineation of the mucosal 
layers observed in the matching histology. However, OCT images of oral dysplasia 
did not clearly identify the individual mucosal layers because of the increased 
density of abnormal cell nuclei, which impeded light penetration. Quantitative 
analysis on 2D-OCT and histology images differentiated dysplasia from normal 
control samples. Similar analysis on 3D OCT datasets resulted in the reclassification 
of biopsy samples into the normal/mild and moderate/severe groups. Quantitative 
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differentiation of normal and dysplastic lesions using OCT offers a non-invasive 
objective approach for localising the most representative site to biopsy, particularly 





The gold standard clinical approach for diagnosis of oral epithelial dysplasia (OED) 
involves three steps namely, a visual recognition of macroscopic features, 
localisation and biopsy sampling of the most representative site and histopathological 
evaluation of haematoxylin and eosin (H&E) sections (Epstein et al., 2007b, Epstein 
et al., 2008).   However, each of the different steps is associated with limitations. For 
example, subjective and qualitative recognition of the most appropriate biopsy site 
results in high sampling errors (Balas et al., 2008). In addition, the invasive nature of 
biopsies are traumatic for the patient (Zagaynova et al., 2002) and any  alteration of 
the original biopsy site morphology will result in non-repeatability on the same 
location (Gambichler et al., 2007a). Furthermore, subjective histopathological 
evaluation can also be associated with intra- and inter-pathologist variability in their 
reporting (Abbey et al., 1995, Fischer et al., 2004, Keenan et al., 2000, Guillaud et al., 
2004), which is exacerbated when institutions utilise different teaching and grading 
criteria for diagnosis (Guillaud et al., 2004, Bouquot et al., 2006a). Indeed a recent 
study reported substantial intra- and inter-observer consistency and almost perfect 
conformity between pathologists trained in the same institution (Brothwell et al., 
2003).  
 
To obviate some of these issues, it would be advantageous to introduce a non-
invasive imaging modality capable of microscopic evaluation prior to selecting the 
CHAPTER 5: QUANTITATIVE ANALYSIS OF OCT AND HISTOLOGY IMAGES  
  121  
most representative site for biopsy. In addition, the technique would ideally enable 
objective, quantitative and reproducible evaluation of key diagnostic features.  
 
Optical Coherence Tomography (OCT) is a non-invasive, imaging technique 
analogous to ultrasound. It measures the amplitude of backscattered light generated 
from an infrared light source as a function of depth. OCT uses low coherence 
interferometry to produce microscopic cross-sectional images of tissue architecture 
similar to histology. (Gambichler et al., 2007a, Zagaynova et al., 2002). It is capable 
of achieving a spatial resolution of approximately 10-15µm permitting visualisation 
up to a tissue depth of 1-2mm (Zagaynova et al., 2002, Bohringer et al., 2006) 
Several recent studies have reported the characterisation of morphological changes in 
oral mucosal diseases based on the qualitative visual correlation of OCT and 
histology images (Wilder-Smith et al., 2007, Ozawa et al., 2009a, Ozawa et al., 
2009b, Ridgway et al., 2006). However, only a few recent studies have investigated 
quantitative analysis of OCT images of oral mucosal diseases. As an example in 
2009, Tsai and colleagues reported differentiation of normal oral mucosa from the 
different stages of oral carcinogenesis based on differences in the intrinsic optical 
properties of OCT images. However, to date no study has quantitatively correlated 
the OCT findings in OEDs to their histopathological features.  
 
To achieve this, the identification of a common quantifiable parameter in OCT and 
histology images of the oral mucosa is paramount. Such a parameter must relate key 
morphological features observed in histology images to their optical properties. The 
normal oral mucosa undergoes a  differentiation process characterised histologically 
by a sequential decrease in nuclear size and staining intensity as keratinocytes 
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migrate towards the surface (Pommerencke et al., 2008, Broekaert et al., 1986). By 
contrast, OEDs exhibit abnormal differentiation patterns characterised by nuclear 
alterations which also manifest as differences in staining intensities. This is 
demonstrated by the H&E stained histology images in Figures 5.1A1 & A2 and their 
equivalent greyscale representation in Figures 5.1A3 & A4.  Intensity profiles, 
denoted by a green dashed line in Figures 5.1A3 & A4, and plotted in Figures 5.1A5 
& A6 show characteristic gradient (red solid line) differences within the epithelium 
(shaded area).  Similarly, using OCT, the intensity of backscattered light can also be 
used to discern changes in nuclear architectural features (Drezek et al., 2003), as 
shown in Figures 5.1B1-4.  Intensity profiles taken from the OCT images (Figures 
5.1B1 & B2) exhibit different gradients corresponding to nuclear size and 
distribution typical of normal and dysplastic tissue (Figures 5.1B3 & B4). Given that 
nuclear staining and light backscattering intensities play a crucial role in the visual 
evaluation of histology and OCT images respectively, quantifying these features may 
facilitate objective and reproducible mapping of the progression of oral 
carcinogenesis. Therefore the aim of this study was to investigate the use of OCT for 
microscopic evaluation of the different stages of OED. In addition, it attempts to 
identify the use of a quantitative parameter capable of evaluating key architectural 
features in histology, whilst measuring the physical interaction of light in the form of 
optical scattering in the corresponding OCT images.  
5.3 Methods 
 
5.3.1 Swept-source-Fourier-domain Optical Coherence Tomography (OCT) 
Microscope 
An Ex-vivo 1301 Optical Coherence Tomography (OCT) microscope manufactured 
and supplied by Michelson Diagnostics Limited (Kent, UK) was used in this study. A 
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swept laser (Santac-HSL-2000-10) with a central wavelength of 1305 ± 15nm and 
FWHM bandwidth of 75nm served as the light source.  The laser output power of the 
OCT system was approximately 15mW, thus ensuring adequate illumination of 
biopsy specimens. The configuration used in this system provided an axial optical 
resolution of ~10µm, established by the coherence length of the Superluminescent 
diodes (SLD) and a lateral resolution of ~8.4µm determined by the numerical 
aperture of the imaging lenses (Tomlins et al., 2009). The image acquisition time was 





Figure 5.1 Haematoxylin and eosin (H&E) sections of normal and severe dysplasia 
of the oral mucosa (A1, A2), Grayscale H&E images (A3,A4) and the nuclear 
staining intensity profiles (A5,A6) from the green dotted line.  OCT scans of normal 
and severe dysplasia of the oral mucosa (B1,B2) and the nuclear scattering intensity 
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5.3.2 Biopsy samples 
Oral mucosal biopsy samples from patients with fibro-epithelial polyps (normal) 
(n=13), mild (n=2) and moderate/severe dysplasia (n =4) attending the Oral Medicine 
Clinic of the Barts and the London Hospital were utilised during this study (Table 2.2) 
following approval of the ethical review committee. The biopsy samples obtained 
from various areas of the oral mucosa were stored in 10% formalin saline solution, 
prior to OCT image acquisition 
 
5.3.3 Ex-Vivo Optical Coherence Tomography Imaging  
OCT imaging was performed on formalin-fixed biopsy specimens within 12 hours of 
excision. Prior to imaging, excess preservative solution was removed from the biopsy 
samples with a cotton swab, after which they were orientated on a computer-
controlled linear translation stage with the OCT incident beam positioned at 
approximately 90
o 
angle relative to the epithelial surfaces. The positioning of the 
OCT incident beam on the regions of interest was guided by a visible red laser light. 
Before commencing OCT imaging, focal adjustment was performed to guarantee 
optimal image information. Subsequently, the biopsy specimens were scanned at 
5µm intervals along the transverse axis to produce a series of sequential cross-
sectional 2D scans which was used to form a 3D volumetric representation of the 
sample. The 2D OCT images were 6mm wide and between 1.5 and 2.0mm in depth 
depending on the light penetration into the tissue. Acquired datasets were stored on 
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5.3.4 Histology and image correlation 
After OCT imaging, biopsy samples were processed, embedded in paraffin and 
sectioned at 5µm intervals at the oral pathology department of the Barts and the 
London Hospital. The protocols of which have been detailed in section 2.2.4. 
Subsequently, tissue sections were stained with standard haematoxylin and eosin 
(H&E). Structural features identified using both visualisation modalities were 
compared. 
 
5.3.5 Quantitative analysis  
Histologically, diagnostic contrast is obtained through application of a stain that is 
preferentially absorbed by cell nuclei.  OCT image contrast originates from the 
interaction of light with tissue, including a significant contribution from cell nuclei.  
At near infrared wavelengths typically used in OCT imaging, the dominating 
interaction is elastic scattering.  Consequently, changes in nuclear size and 
distribution directly affect tissue optical scattering characteristics that are 
qualitatively visualized by standard OCT.  Quantitative measurements of tissue 
scattering coefficients have previously been obtained (Levitz et al., 2004) from the 
rate of OCT signal intensity loss as a function of distance from the tissue surface.  
This same approach has been applied in the present chapter, under the reasonable 
assumption that the detected signal is largely due to single scattering.  However, 
unlike previous studies, which averaged over multiple depth scans (Bohringer et al., 
2009, Welzel et al., 2004), the present work estimated the signal intensity gradient at 
each transverse point across the sample. This enabled the statistical distribution of 
gradient values to be determined, and resulting parameters to be used as a diagnostic 
marker. 
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It is standard practice for OCT images to be scaled logarithmically in signal intensity 
for visualization.  Under these conditions, the OCT signal decays linearly, 
parameterised by its gradient.  Provision of diagnostic information from a gradient 
value requires it to be evaluated over a representative region of interest (ROI) within 
the tissue.  For the assessment of OED, the ROI was required to extend over the full 
epithelial depth.  Identification of the sample surface is a simple task, achievable 
using an intensity threshold filter.  However, demarcation of the basement layer from 
OCT images is well known to be non-trivial for healthy tissue and virtually 
impossible for severe dysplasia.  Therefore, an automatic and objective ROI selection 
criteria was developed as follows. 
The ROI upper bound was specified to be 25µm below the sample surface, thus 
mitigating the influence of a strong entrance signal on the gradient.  By contrast, 
direct selection of the lower bound of any the ROI presents a number of challenges 
including: 
 
 The epithelial thicknesses of the normal oral mucosa vary from site to site. 
Consequently, the selection of a specific distance that would coincide with 
the basal region of both the non-keratinised and keratinised epithelia in all 
samples seems impracticable.  
 
 The epithelial thickness may also vary along the transverse direction due to 
the undulating interface between the overlying oral epithelium and the 
underlying connective tissue. This is particularly the case for keratinised 
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epithelium, which present a greater number of undulations (rete pegs) per unit 
area of the oral mucosa.  
 
 In OCT images of the normal oral mucosa, the overlying epithelium, 
basement membrane region and part of the underlying connective tissue can 
be identified by direct visualisation. By contrast, dysplastic tissue is 
characterised by a high degree of light attenuation, which prevents direct 
visualisation and selection of the basal cell region for analysis.    
 
To mitigate the above challenges, an automatic and objective selection method was 
developed. This method determined the lower bound of the ROI by estimating the 
measure of light returning from the sample to the OCT system for a series of 
prescribed percentage thresholds of backscattered light. This approach was 
implemented on the assumption that the integral from the upper bound of any ROI 
over the whole depth represented 100% of backscattered light detected by the OCT 
instrument. One of the major criteria for the optimum threshold to identify the lower 
boundary was to provide clear discrimination between the OCT images of normal 
oral epithelial and the different grades of oral epithelial dysplasia examined in the 
present work. Therefore an input parameter sensitivity analysis was performed. The 
input sensitivity analysis was implemented utilising increments of 5% backscattered 
light over a range of 25% to 90%. For each increment, the signal intensity gradient at 
each transverse point across 3D datasets of the clinically normal and the dysplastic 
lesions of the oral mucosa was measured. From the measured values, modal 
scattering gradients were produced for each 2D- image in the 3D OCT datasets. 
These gradients were subsequently presented in histogram form, with a bin range 
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spanning from -4.0 to +4.0. This protocol was implemented on the 3D-OCT datasets 
from 15 normal/mild and 4 moderate/severe dysplasia tissue samples. Normalised 
overlap between the histograms for normal/mild and moderate/severe dysplasia were 
estimated per percentage backscattered light threshold. The normalised overlap 
obtained was used to detect the percentage(s) backscattered light threshold, which 
provided clear discrimination between the pathology groups utilised in this study.  
The reported gradient values are given in units of ‘per pixel’ (pix
-1
), although these 
are readily converted to physical units by division of the gradient by the pixel optical 
depth, 5.89µm for the instrument used here. 
Grayscale histopathology images were also processed using a similar approach to 
that described above.  However, the relative ease of visual discrimination between 
epithelial and connective tissue from histology enabled manual segmentation of the 
ROI.  The software used for the above analysis has been included in the illustrative 
material section of the appendix. 
5.4 Results  
 
5.4.1 Normal oral mucosa  
 The OCT scan of the normal oral mucosa (Figure 5.2A1) demonstrated a clear 
demarcation of signal intensity layers, which matched the anatomical structures 
observed in the corresponding histology section (Figure 5.2A2). In the OCT image, 
there was a relatively thin and intense surface entrance signal (ES) subjacent to 
which was a moderate signal intensity layer (EO) recognised in the corresponding 
histology as the epithelium (EH). Below the epithelium was a low signal intensity 
zone (SLPO), recognised as the superficial lamina propria (SLPH) in Figure 5.2A2. It 
is also notable that the basement membrane (BM) was visible in the OCT image. 
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5.4.2 Mild dysplasia 
In the absence of the entrance signal, the OCT image of mild dysplasia (Figure 5.2B1) 
exhibited a broad high signal intensity layer (EO) which was identified as the 
thickened epithelium (EH) in the corresponding histology (Figure 5.2B2). However, 
deeper into the tissue there was little correlation between the lower strata of the 
epithelium and loss of visualization of the epithelial-connective tissue junction i.e. 
the basement membrane. 
 
5.4.3 Moderate dysplasia  
Figure 5.2C1 shows two signal intensity layers, an upper homogenous high signal 
intensity zone (HS) extending a short distance below the surface followed by a low 
signal intensity area (LS). By contrast with the OCT images associated with normal 
oral mucosa and mild dysplasia, Figure 5.2C1 reveals a poor correlation with the 
corresponding histological features, although the HS region is thought to represent 
the keratin (KL) and upper layers of the epithelium (E).   
 
5.4.4 Severe dysplasia 
The OCT image of severe dysplasia showed a surface high signal intensity layer 
accompanied by a marked decrease in signal intensity in deeper areas (Figure 5.2D1). 
This characteristic resulted in a lack of demarcation between the epithelial and 
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Figure 5.2A – D OCT (top) and the corresponding histology images (bottom) of 
normal, mild, moderate and severe dysplasia of the oral mucosa.  Note the apparent 
loss of the regular layered structure of the oral mucosa and the decreased depth of 
optical imaging with increasing severity of tissue dysplasia. ES- Entrance signal, EO-
Epithelium (OCT), SLPO- Superficial lamina propria (OCT), BMO – Basement 
membrane (OCT),  EH-Epithelium (Histology), SLPH- Superficial lamina propria 
(Histology), BMH – Basement membrane (Histology), KL- Keratin Layer, HS- High 
signal layer, LS- Low signal layer and DE- Dysplastic epithelium. 
 
5.4.5 Sensitivity analysis to determine the lower bound of the ROI 
The initial input parameter used was a 25% backscattered light threshold, it yielded 
histograms with a wide spread of modal scattering gradient values spanning thirteen 
and seventeen 0.5 pix
-1
 intervals for the normal/mild and moderate/severe 
respectively. As shown in Figure 5.3, a progressive increase in the threshold value 
was associated with a significant decrease in the range of scattering gradient values.  
A line graph of the normalised overlaps (displayed in each of the histograms) against 
the percentage backscattered light threshold showed a minimum overlap at 45% 
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(Figure 5.4).  However on close examination, a range of minimum overlap values 
spanning between 35% and 65% backscattered light thresholds was revealed. To 
ensure the lowest ambiguity/maximum sensitivity to pathology, the midpoint of the 
minimal overlap range (50%) was selected for future quantitative analysis on OCT 
datasets of normal and dysplastic tissue samples.  
       
5.4.6 Quantitative analysis of 2D-OCT images of normal and dysplastic oral 
mucosa  
OCT images of normal oral mucosa, mild, moderate and severe dysplasia are 
presented in the upper images in Figure 5.5. The selected regions of interest (ROI) 
are indicated in the middle images, from which the gradients were estimated. The 
lower represent the frequency distributions of scattering gradient values obtained 
from the ROI. A modal value of each frequency distribution was used to represent 
the status of each of the OCT images. Results indicated a progressive decrease of this 
modal value with increasing severity of tissue dysplasia. For example, modal values 


























































































































































































































































































































































































































Figure 5.3 Histogram of scattering gradient values obtained from 
3D-OCT datasets of normal/mild and moderate/severe oral 
epithelial dysplasia groups using a range of 25% to 90% of 
backscattered light as input parameters for lower bound 
determination. 
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Figure 5.4 Line graph of the normalised overlap between the histograms, shown in 
Figure 5.3, and the various input parameters (percentage of backscattered light) 
displayed. Dashed line indicates the selected threshold. 
 
5.4.7 Quantitative analysis of individual 3D-OCT datasets  
2D OCT data sets are highly dependent on the subjective selection of a representative 
OCT image. Accordingly to provide a more objective interpretation, a 3D analysis of the 
imaged samples was performed and modal values of scattering gradient were obtained. 
A resulting distribution for a given image was presented in discrete intervals of 0.5 pix
-1
. 
The 3D OCT datasets were grouped into two categories, namely, normal/mild and 
moderate/severe dysplasia (Figure 5.6). It can be seen with a typical histogram for the 
normal/mild sample group that the distribution of modal gradient values ranged between 
four 0.5 pix
-1
 intervals, -1 < y < +1 (Figure 5.6A), whereas the corresponding values for 
the moderate/severe group ranged more widely between -3.5 < y < +0.5 (Figure 5.6B).






















































Figure 5.5 OCT image of normal, mild, moderate and severe dysplasia of the oral mucosa (top images). The corresponding analysis 
image with selected regions of interests (middle) and the resulting frequency distributions of scattering gradient values (bottom) are 
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5.4.7 Quantitative analysis of individual 3D-OCT datasets  
2D OCT data sets are highly dependent on the subjective selection of a representative 
OCT image. Accordingly to provide a more objective interpretation, a 3D analysis of the 
imaged samples was performed and modal values of scattering gradient were obtained. 
A resulting distribution for a given image was presented in discrete intervals of 0.5 pix
-1
. 
The 3D OCT datasets were grouped into two categories, namely, normal/mild and 
moderate/severe dysplasia (Figure 5.6). It can be seen with a typical histogram for the 
normal/mild sample group that the distribution of modal gradient values ranged between 
four 0.5 pix
-1
 intervals, -1 < x < +1 (Figure 5.6A). By contrast for the moderate/severe 







Figure 5.6 A & B Representative histograms of scattering gradient values obtained from 
3D OCT datasets of normal/mild and moderate/severe oral dysplasia sample groups 
 
5.4.8 Quantitative analysis of multiple 3D-OCT datasets  
Quantitative analysis was performed on 3D-OCT datasets of 15 normal/mild and 4 
moderate/severe samples. Table 5.1 summarises the normalised percentages of modal 
scattering gradient values within the various intervals for the two categories. It clearly 
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greater than -0.5 were exhibited in 65% of normal/ mild images, but only in 7.1% for 
moderate/severe dysplastic samples. By contrast, for modal values of less than -1, the 
corresponding percentages were 6.3% and 68.3%, respectively.   
Range of mode gradient values  Normal/Mild (%) Moderate/Severe (%) 
-3.5 - -3.0 0.0 1.8 
 -3.0 - -2.5 0.0 3.9 
-2.5 - -2.0 0.0 10.7 
 -2.0 - -1.5 0.3 16.0 
-1.5 - -1.0 6.0 35.9 
-1.0 - -0.5 28.7 24.6 
-0.5 - 0.0 53.6 5.6 
0.0 - 0.5 8.1 1.2 
0.5 - 1.0 3.1 0.3 
1.0 - 1.5 0.1 0.0 
1.5 -2.0 0.1 0.0 
 
Table 5.1 Normalised percentage of OCT images of normal/mild and moderate/severe 
dysplasia samples that lie within each interval of mode gradient values. 
 
5.4.9 Quantitative Analysis of Haematoxylin and Eosin Sections of Normal and 
Dysplastic Oral Mucosa  
The same algorithm for OCT image analysis was used to quantify the staining intensity 
gradient in H&E sections.  Figure 5.7 (upper images) shows H&E sections of normal, 
mild, moderate and severe oral mucosal dysplasia and their corresponding processed 
images with selected regions of interest (middle images) from which staining intensity 
gradient values were estimated. The corresponding frequency distributions are illustrated 
in Figure 5.7 (lower images) and reveal a relative narrow distribution of values. 
Nonetheless, in a similar manner to the OCT analysis, there was a progressive decrease 


























































Figure 5.7 Haematoxylin and Eosin sections of normal, mild, moderate and severe dysplasia of the oral mucosa (top). The 
corresponding processed and analysis image with the selected regions of interest (middle) and the resulting frequency distributions of 
staining intensity gradient value (bottom) are shown. There is a progressive decrease (shift to the left) in mode staining intensity 
gradient values (red line) with increasing severity of tissue dysplasia 
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5.5 Discussion and conclusions 
 
In the present chapter, optical coherence tomography (OCT) was used to provide a non-
invasive visualisation and quantification of diagnostic features in normal biopsies and in 
those exhibiting different grades of OED.  
To ensure objective evaluation, some studies have proposed a quantitative analysis of 
OCT signals with a view to identifying parameters that would discriminate between 
various pathologies. For example, the differentiation of plaque and arterial wall 
component based on their intrinsic optical attenuation coefficient was reported based on 
the  averaged line profiles (A-scans) (van der Meer et al., 2005). More recently the use 
of two OCT quantitative parameters have been proposed based on the standard deviation 
of A-scan signal profile and the exponential decay constant of an A-mode-scan spatial-
frequency spectrum, to distinguish between benign epithelial hyperplasia, moderate 
dysplasia and oral squamous carcinoma (Tsai et al., 2008, Tsai et al., 2009).  The present 
work presents a single parameter of intensity gradient, which innovatively evaluates 
both histopathological features and optical properties of OEDs. Most importantly, this 
parameter relates the microscopic features of OED to how they might affect the physical 
interaction of light in the form of optical scattering. 
The staining gradient estimated the variations in nuclear staining intensity towards the 
basement membrane (Figures 5.1A3-6), whereas the scattering gradient estimated the 
amplitude of backscattered light from tissue as a function of depth (Figures 5.1B1-4). 
Using these parameters, unique gradient values were estimated for several adjacent line 
profiles from the selected region of interest (ROI) in histology and OCT images. Such an 
analysis yielded a series of frequency distributions, which were typically asymmetric in 
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nature and thus characterised by a modal value to differentiate between the grades of 
OEDs. Results indicated a progressive decrease in the modal values with increasing 
tissue dysplasia using both visualisation modalities (Figures 5.5 &5.7).  To overcome the 
subjectivity associated with selecting the most representative 2D-OCT image, 3D-OCT 
datasets of the same biopsy samples were subjected to a similar analysis. In this case the 
resulting frequency distributions were based on modal scattering gradient values from 
300-500 individual 2D-OCT images within each 3D-OCT dataset (Figure 5.6).  Each B-
Scan mode gradient was determined from 1000 individual A-Scans.  Despite analysing 
large tissue volumes of individual samples, these frequency distributions were similarly 
broad and asymmetric as those obtained from individual 2D-OCT images (Figure 5.5, 
lower images).  The corresponding high number of measurements acquired from each 
tissue specimen yielded well-defined frequency distributions, thus indicating the robust 
nature of the present quantitative strategy.  This somewhat mitigates the effect of the 
relatively small number of specimens utilized in this study from each pathology group.  
For example, the frequency distributions remain uni-modal upon inclusion of more than 
a single specimen, suggesting only small inter-patient variation. Furthermore, 
comparison between the classification groups showed a significant change in the mode 
gradient and distribution width.  In the present study, each specimen originated from a 
different patient.  Hence, inter-group comparisons implied inter-patient comparisons also.  
Therefore, given the independence of the frequency distributions to the number of 
contributing specimens and the measurable inter-group variation, these results are 
sufficient to demonstrate the value of this analytical approach.  
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Unlike histopathology which subjectively characterises only the most severely affected 
areas of a section (Bouquot et al., 2006b), the methodology implemented in this study 
took all areas of the histology section, 2D-OCT image and 3D-OCT datasets into 
consideration. Despite utilising this approach, differences were still observed in the 
distributions of modal gradient values with increasing tissue dysplasia. One notable 
difference was the broadening of frequency distributions of modal gradient values with 
increasing OED severity, this was thought to reflect the range of dysplastic severity and 
normal tissue present in a single biopsy sample. 
Close examination of the modal gradient values led to a reclassification of our biopsy 
samples into two groups, namely normal/ mild and moderate/ severe dysplasia. 
Maximum discrimination between these classifications was obtained from sensitivity 
analysis of the backscattered light threshold, which proved optimal when set to 50% 
(Figure 5.3 and 5.4).  This provided an estimate of the epithelial/connective tissue 
junction.   However, whilst 50% was determined to provide the greatest discrimination, 
in mild dysplasia the ROI partially excluded the lower third of the epithelium (dysplastic 
zone), causing the algorithm to tend towards an assessment of normal.  By contrast, 
implementation of the same protocol on the moderate/ severe sample group always 
included the dysplastic regions in the middle and upper third regions, associated with a 
decrease in the modal scattering gradient values.  
Finally, it is important to note that this work has been carried out on formalin fixed 
tissue specimens.  As such, the OCT data is representative of that visually assessed in 
conventional histopathology.  Good correlation between the OCT data and that assessed 
by histopathology provides weight to the present gradient parameterisation.  Critically, 
these results show that the OCT gradient parameter is a measure of nuclear density.  
CHAPTER 5: QUANTITATIVE ANALYSIS OF OCT AND HISTOLOGY IMAGES  
 
- 141 - 
Nuclear density is expected to similarly characterise OED in vivo and ex vivo and 
therefore, extension of this work to an in vivo study provides a promising basis for a new 
clinical tool. 
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Chapter 6 
 
Scattering Attenuation Microscopy of Oral Epithelial Dysplasia 
 
6.1 Abstract  
 
This chapter presents a new method for quantitative visualisation of pre-malignant oral 
epithelium called scattering attenuation microscopy (SAM).  Using low coherence 
interferometry (LCI), SAM projects measurements of epithelial optical attenuation on to 
an image of the tissue surface as a colour map.  The measured attenuation is dominated 
by optical scattering that provides a metric of the severity of oral epithelial dysplasia 
(OED). Scattering is sensitive to the changes in size and distribution of nuclear material 
that are characteristic of OED, a condition recognised by the occurrence of basal cell 
like features throughout the epithelial depth.    SAM measures the axial intensity change 
of light backscattered from epithelial tissue.  Scattering measurements were obtained 
from sequential axial scans of a three-dimensional tissue volume and displayed as a two-
dimensional SAM image.  A novel segmentation method was used to confine scattering 
measurement to epithelial tissue. This is applied to oral biopsy samples obtained from 
19 patients. Our results show that imaging of tissue scattering can be used to 
discriminate between different dysplastic severities and furthermore presents a powerful 
tool for identifying the most representative tissue site for biopsy. 
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6.2 Introduction 
 
Obtaining an accurate histopathological diagnosis for oral epithelial dysplasia (OED) is 
dependent on the selection of the most representative site to biopsy. Today, 
identification of these sites can be a challenging procedure owing to the considerable 
variations in the clinical appearances of lesional and non-lesional locations. To facilitate 
improved localisation of biopsy sites, techniques have been introduced for visualising 
structural and metabolic alterations not revealed during clinical examinations. Such 
techniques include, topical application of optical contrast agents, such as toluidine blue 
(Epstein et al., 2007b), direct visualisation of tissue fluorescence (Poh et al., 2006) and 
direct oral microscopy (Gynther et al., 2000). Although these approaches have reported 
improved detection of abnormal areas, they remain limited by their dependence on static 
and qualitative assessment of disease sites (Balas et al., 2008). To obviate some of these 
issues, optical coherence tomography (OCT) should be considered.  OCT is an emerging 
non-invasive imaging modality capable of producing quantitative assessment of tissue 
properties (Tomlins and Wang, 2005).  For in vivo clinical evaluation of tissue it 
provides promising attributes, such as acquisition speed, imaging depth, micrometer 
scale resolution and three-dimensional sampling ability (Biedermann et al., 2009, 
Fercher et al., 2003).  However, it lacks the resolution to provide subcellular detail 
necessary for the interpretation of conventional histopathology images.  Despite this, 
OCT has been used in vivo to study oral dysplasia and malignancy in a hamster model 
(Matheny et al., 2004, Wilder-Smith et al., 2004), revealing correlation between gross 
morphological features in both OCT images and histological sections.  Wilder-Smith et 
al have more recently extended this work to a human study involving 50 patients 
(Wilder-Smith et al., 2009), reporting differentiation of normal, dysplastic and 
squamous cell carcinoma of the oral mucosa.  These studies have identified the potential 
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of OCT to provide early detection and regular monitoring of suspect lesions in the oral 
cavity.  However, the lack of sub-cellular detail in OCT and dependence upon subjective 
visual evaluation limits the absolute diagnostic efficacy.  For example, a double-blinded 
clinical study of esophageal tissue by Isenberg et al (Isenberg et al., 2005), used 
endoscopic OCT to identify dysplasia in patients with Barrett’s esophagus.  It was 
concluded that OCT may be useful for directing biopsy towards dysplastic regions, but 
conceded that without further identification of OCT characteristics for dysplasia, the 
clinical applicability of OCT is presently limited.  Hence, it is increasingly clear that 
there is limited clinical value in traditional B-Scan mode visualisation of OCT images 
for the identification of pre-malignancy.  Accordingly, a multi-modal imaging strategy 
has been proposed, by combining OCT with Doppler and other microscopy techniques 
(Wilder-Smith et al., 2005).  Whilst such a strategy approaches the sensitivity and 
specificity of conventional methods, the experimental configuration is large, complex 
and not presently amenable to routine clinical use.  A more valuable approach is to 
parameterise the acquired OCT data and thereby present an en face microscopy view of 
the tissue surface, onto which a quantitative marker of tissue health is mapped.  The 
potential to parameterise OCT data has previously been demonstrated by Levitz et al 
(Levitz et al., 2004), who measured the difference in scattering coefficient of both 
phantoms and tissue. Other studies have demonstrated the differentiation of plaque and 
arterial wall components using a similar approach (van der Meer et al., 2005).  Of direct 
significance to the present work is that of Tsai et al (Tsai et al., 2009), who proposed an 
empirical relationship between oral dysplasia and the rate of OCT signal decay as a 
function of depth. A similar analysis was also used to analyse oral submucous fibrosis 
with promising results (Lee et al., 2009), although it necessarily presents a wide 
variation in scattering gradients.  This is often addressed by averaging A-scans over the 
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transverse direction and obtaining a mean attenuation coefficient.  However, subjective 
selection of a region over which the attenuation is estimated leads to further ambiguity 
in the analysis. Recent studies by McLaughlin et al (McLaughlin et al., 2010, 
McLaughlin et al., 2009) have implicitly addressed the former of these issues by 
spatially mapping the attenuation coefficient over a 3D section of malignant human 
lymph node. Their results suggest that the wide variation in scattering coefficient 
derives from the heterogeneity of tissue.  In the present work, we have developed a 
similar technique of spatially mapping the attenuation coefficient to image pre-
malignant lesions of the oral mucosa. The method, termed scattering attenuation 
microscopy (SAM), defines an automated scheme for quantitative imaging of tissue 
attenuation from data obtained by OCT.   
 
6.3 Theory 
6.3.1 Optical Coherence Tomography 
OCT is an optical imaging technique that employs low coherence interferometry (LCI) 
to non-invasively form cross-sectional images (B-Scans) of highly scattering samples.  It 
has been widely reported in the literature for imaging biological specimens (Huang et al., 
1991).   B-Scan images are comprised of a lateral series of sequential LCI axial scans 
(A-Scans), each of which provide a measure of the incident light intensity scattered from 
morphological features within the sample back into the detection optics.    A typical 
OCT instrument comprises a broadband light source, a Michelson interferometer and 
scanning optics by which images of the sample are obtained.  For three-dimensional 
acquisition, frequency domain detection offers the required frame rates, either using 
spectrometer or swept laser source systems.  A number of detailed reviews of OCT have 
previously been published (Fercher et al., 2003, Tomlins and Wang, 2005). 
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6.3.2 Oral Epithelial Dysplasia 
The normal oral mucosa is made up of two structurally distinct layers: an overlying 
epithelium and its underlying connective tissue, the lamina propria. In between both 
layers is the basement membrane characterised by cells with increased nuclear size, 
characterised in histology by high staining intensity (hyperchromatism). By contrast, 
mild, moderate and severe dysplasias display basal cell-like features in the bottom, 
middle and upper third of the epithelium respectively. This re-distribution of cell nuclei 
is of particular relevance to OCT, which relies on the scattering of light to form cross-
sectional B-Scan images.  The cell nuclei are a significant contributor to light scattering 
process. Therefore, any change in their spatial distribution or size will consequently 
affect the detected optical scattering profile in OCT.  In human epithelial tissue 
scattering dominates over optical absorption at a typical OCT imaging wavelength of 
1300 nm (Salomatina et al., 2006).  It follows that variations in the size and location of 
nuclear material in the epithelium will be exhibited as changes in the rate of axial 
intensity decay in OCT images. 
6.3.3 Scattering Attenuation Microscopy 
 
The OCT A-scan signal I(z) from a homogeneous scattering medium, has previously 
been described as a function of depth z (Schmitt et al., 1993) as shown by Eq. 1.  This is 
valid in the limit of single scattering. 
 )2)exp(()( 0 zzAKIzI Tb µµ −= . (1) 
The signal decreases exponentially with depth at a rate determined by the total 
attenuation coefficient Tµ . 
 
saT µµµ += . (2) 
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This combines the effects of both scattering sµ  and absorption aµ .  The function A(z) 
describes the depth dependency of the backscattered signal amplitude. This arises from 
two primary sources, namely the light capture efficiency of the optical system that varies 
throughout the focussed probe beam and detection sensitivity.  Depth dependency of the 
sensitivity in a frequency domain detection system is due to the finite sampling and 
width of a discretely sampled source spectrum.  The constant amplitude coefficients 0I , 
bµ  and K represent respectively the optical intensity at the surface, the backscattering 
coefficient and a scale factor accounting for distribution of the detected intensity over 
the source coherence length, respectively. 
 
OCT images are typically formed on a logarithmic intensity scale Ilog(z) = 20 log[I(z)], 
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From Eq. 5 it is evident that the effects of A(z), I0, K and bµ  can be subtracted from the 





εµ−=)(8 . (7) 
Therefore, absolute measurement of Tµ  depends upon calibration of A(z) and 
knowledge of Imax and Imin, or access to the raw data.  However, without this information 
it is still possible to make relative measurements directly from OCT images. 
 
6.3.4 Epithelial Segmentation  
At tissue depths greater than 1−sµ  multiple scattering begins to dominate and Eq. 1 is no 
longer a valid model.  For human oral epithelium, 1−sµ  is typically of the order 0.5 mm 
(Clark et al., 2004), which is greater than its predicted thickness.  The analysis should be 
focussed within the epithelial tissues where the changes of interest are located.  Whilst 
automated segmentation of healthy epithelium is feasible with OCT images (Hori et al., 
2006), the high attenuation associated with increasing severity of dysplasia prevents 
demarcation of the basement layer.  Therefore, an alternative objective selection method 
was used, based upon the percentage of backscattered light in the logarithmic domain.  






log )()(  (8) 
The integral from the sample surface over the whole depth was assumed to represent 
100% of the backscattered light component, TI , detected by the OCT instrument along a 
single A-scan.  This ignores both light scattered outside of the OCT system numerical 
aperture and absorption of light within the tissue. 
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 )(∞= bT II  (9) 
From OCT images of normal oral epithelial tissue, it was observed that when zb 
corresponds with the basement membrane, the integrated backscatter was equal to 
approximately 50% of IT.  Hence, a threshold intensity Tth II α=  was chosen that 
represented the typical percentage drop, α , in the integrated backscatter within normal 
oral epithelial tissue with respect to TI .  The depth bottomz  at which thbottomb IzI =)(  was 
used as an estimate of the base of the epithelium, with %50=α  kept constant for the A-
Scans of all samples.  Therefore, bottomz  varied between A-scans providing an estimate of 
the actual basement membrane position in the OCT images.  This is indicated by a 
yellow line in the OCT image of normal epithelial tissue (Figure 6.1)..  The top surface 
of the tissue topz  was approximately located in the OCT image by applying a 15 pixel 
median filter to each A-scan and identifying the first pixel of a sequence of at least 3 
above a given intensity threshold.  The region of interest (ROI) for each A-scan was 
selected between topz  and bottomz .  A typical ROI is identified in Figure 6.2, including a 
linear least squares fit of the form czI +=µ  to the data.  From Eq. 7, the fitted gradient is 
Tεµµ = .  A SAM image comprises values of ),( yxµ  mapped to orthogonal lateral 
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Figure 6.1 Example OCT image of normal oral epithelium.  Left and right bounds of the 
region of interest are marked by red and green lines respectively.  The estimated 






























Linear fit to ROI
 
Figure 6.2 A typical A-scan, including the region of interest (red), to which a straight 
line is fitted to estimate the scattering gradientµ . 
 
6.4 Materials and Methods 
Approval for this study was obtained from the ethics committee of Barts & the London 
Hospital, UK.  Biopsy samples were obtained from 19 patients as part of the routine 
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diagnostic procedure for suspected oral lesions.  Biopsies were measured using OCT 
within 12 hours of excision, after which they were sent to histopathology to be fixed, 
sectioned, stained and examined using standard histological procedures.  OCT 
measurements were made using a commercial OCT microscope (EX1301, Michelson 
Diagnostics Ltd, UK) operating at a centre wavelength of 1310 nm over a full width at 
half maximum (FWHM) spectral bandwidth of 75 nm.  The axial and lateral FWHM 
resolution of this instrument has previously been measured (Tomlins et al., 2009) and 
found to be 10.9±0.2 µm and 8.9±0.2 µm respectively.  This instrument comprises four 
interferometer channels, each focused with sequential axial offsets of 250 µm.  
Consequently, the depth varying amplitude function A(z) in Eq. 1 is periodic between 
imaging depths of 0.0 - 0.7 mm as shown in Figure 6.3.  To mitigate against the 
influence of this on the quantitative results, only the deepest focal channel was used.  
This was achieved by focusing the lower channel on the tissue surface.  Therefore, the 
instrument was found to have a sensitivity drop of 25 dB, over the selected portion of 
the OCT image depth that extended from 0.7-1.5 mm, as marked in Figure 6.3 to the 
right of the dotted line.  The peak channel sensitivity was measured to be 94±1 dB with 
an optical channel power of approximately 3 mW incident on the tissue surface.  
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Figure 6.3 Sensitivity calibration curve for Michelson Diagnostics EX1301 OCT 
instrument used in this study.  The dotted line coincides with the focus of the deepest 
channel. 
 
Three-dimensional volumetric OCT datasets were obtained from sequences of B-scan 
images. Sequential images were acquired with a spacing of 5 µm using a computer 
controlled linear translation stage (Z625B, Thorlabs Inc., USA).  For each sample, the 
biopsy was orientated such that that the epithelial surface was presented to the OCT 
probe beam.  Each A-scan in the three-dimensional volume was subjected to the 
segmentation and gradient assessment to determine a gradient value ),( yxµ at each 
orthogonal transverse position [x,y] over the volume surface.  Hence, an en face view of 
the tissue attenuation parameter was obtained.  For each sample, this was augmented by 
a histogram representing the statistical distribution of µ  over the biopsy area.  The units 
of µ  are pix-1, where the axial pixel spacing is 5.89 µm. 
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6.5 Results 
Samples were collated into two groups representing pathological assessments of 
normal/mild (15 biopsy specimens) and moderate/severe (4 biopsy specimens) 
dysplastic lesions.   Analysis of each specimen comprised measurements of more than 
100,000 A-Scans. 
 
6.5.1 Normal/ Mild Dysplasia 
Figure 6.4 shows results obtained from a fibro-epithelial polyp used as a normal control 
in this study.  The OCT image in Figure 6.4a shows two distinct layers of signal 
intensity, representing epithelium (E) and superficial lamina propria (SLP).  These 
closely match the anatomical layers in the corresponding histology (Figure 6.4b).  
 
6.5.2 Moderate/ Severe Dysplasia 
Figure 6.5 shows results obtained from a moderately dysplastic oral mucosal biopsy 
sample.  By contrast to Figure 6.4a, in Figure 6.5a it is not possible to demarcate the 
tissue layers identified in Figure 6.5b.  Therefore, Figure 6.5a & b display poor 
morphologic correlation of the tissue layers in this sample. 
 
6.5.3 Quantitative Analysis 
The histograms displayed in Figures 6.4c and 5c represent statistical distributions of the 
gradient values for representative biopsy samples from each group.  Contributing 
gradients were obtained from each transverse location [x,y] in the 3D OCT data.  Figure 
6.4c shows a typical scattering gradient histogram for a single specimen from the 
normal/mild sample group.  Likewise, Figure 6.5c shows a scattering gradient histogram 
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for a specimen from the moderate/ severe group that exhibits a modal shift of -1.0 pix
-1
 
(increased scattering) compared to the normal/mild group. 
 
Figure 6.6 shows scattering gradient histograms composed of every A-Scan utilized for 
SAM imaging from all 19 biopsies.  These represent two approximately normal 
distributions with distinct peaks at -0.4 pix
-1
 and -1.3 pix
-1
 for normal/mild and 
moderate/severe respectively, representing a similar scattering gradient change of 0.9 
pix
-1
 to the individual samples. 
 
In Figure 6.7, each B-Scan is represented by it’s mode scattering gradient and these 
values are pooled into a histogram of all B-Scans from all specimens.  The mode rather 
than mean scattering gradient was chosen because the distribution of values within 
individual B-Scans were found to be asymmetric.  This may be due to the presence of 
multiple dysplastic severities present within a tissue section. 
 
6.5.4 SAM Colour Maps 
In Figures 6.4d and 6.5d, the gradient values are projected onto the biopsy sample 
surface, giving an en face view of the gradient heterogeneity.  Gradient values between -
3.0 and 0.0 pix
-1
 were encoded by a colourmap, representing 90% of acquired A-Scan 
values.  An upper value of 0.0 pix
-1
 was chosen because positive scattering gradients 
represented 23% of all normal/ mild A-Scans, compared with only 4% of all moderate/ 
severe A-Scans.   Less than 0.1% of normal/ mild A-Scans exhibited scattering gradients 
below the lower bound of -3.0 pix
-1
.  Therefore, the colourmap was configured such that 
a high degree of colour homogeneity was observed in the normal/ mild group (Figure 
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Figure 6.4 Normal control fibro-epithelial polyp.  Single OCT B-scan image (a) and 
corresponding histological section (b).  Each point ),( yxµ contributes to the statistical 
distribution (c).  Multiple sequential OCT images contribute to an en face view of the 
sample (d), where the colour map represents the spatial distribution of the scattering 
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Figure 6.5 Typical example of moderate dysplasia.  (a), (b), (c) and (d) is described for 
the normal control in Fig. 6.4 
 
6.6 Discussion and conclusions 
The poor morphologic correlation of tissue layers In Figures 6.5a and b is due to 
increased optical scattering from dysplastic cells (Bouquot et al., 2006a).  The 
consequent morphological differences between Figure 6.4a and 6.5a demonstrate the 
feasibility of qualitative differentiation using OCT.  These OCT B-Scans and 
corresponding histology (Figures. 6.4b and 6.5b) are orientated along the x dimension of 
the corresponding SAM images (Figures 6.4d and 6.5d) and are taken from sample 
centre in y. 
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Quantification of the visual difference through the scattering gradient has enabled 
investigation of OCT sensitivity to dysplastic changes.  This is highlighted in Figures 
6.4c and 6.5c, where the modal gradient value shows an inverse relationship with the 
severity of dysplasia.  For example, the normal/mild group showed values of ),( yxµ  
clustered around a gradient value of 0.5 pix
-1
 for an individual specimen (Fig. 4c), -0.3 
pix
-1
 for all A-Scans (Figure 6.6) and -0.5 pix
-1
 for the B-Scan modes (Figure 6.7).  
However, in the case of moderate/severe dysplasia, the scattering gradient distribution is 
shifted to the left, as seen in Figures 6.5c, 6.6 and 6.7 as peak scattering gradients of .-
0.5, -1.3 and -1.5 pix
-1
 respectively.  Therefore, the typical change in scattering gradient 





Comparison of the individual specimen and pooled histograms, Figures 6.4c, 6.5c and 
6.6 demonstrates the inter-sample variation in results.  For example 95% of all A-Scan 
scattering gradients from the normal/ mild and moderate/ severe groups (Figure 6.6) 
exist with a range extending ±1.3 and ±1.7 pix
-1
 of the distribution mode respectively.  
This compares with ±0.6 and ±0.7 pix
-1
 for the respective individual samples in Figures 
6.4c and 6.5c.  It is presently unknown to what degree this is due to experimental 
repeatability and tissue variability.  However, the pooled results in Figure. 6.6 show that 
inter-patient results fit within a finite normal distribution.   
The ability of the scattering gradient to classify between the two dysplastic groups can 
be assessed in terms of sensitivity (true positives) and specificity (1 – false positives), 
where a positive result is defined as a classification of moderate/ severe dysplasia.  
These values are determined by integration from the left over each normalised 
distribution to define a scattering gradient threshold value.  Sensitivity is obtained by 
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integrating over the moderate/ severe group, with specificity obtained by subtracting the 
integral over the normal/ mild distribution from one.  The threshold scattering gradient 
value provides classifier between normal/ mild and moderate/severe. In this study it was 
found that a scattering gradient threshold of -1.0 pix
-1
 yielded both sensitivity and 
specificity of 74% when applied to all A-Scans (Figure 6.6).  For the modal B-Scan data 
in Figure 6.7, a classification threshold of -1.2 pix
-1
 provided a sensitivity and specificity 
of 90%. 
 
Based upon these quantitative differences, the potential for selection of the most 
representative biopsy site is demonstrated by the en face colourmap gradient 
representation of three-dimensional OCT datasets, Figures 6.4d and 6.5d.  Careful 
examination of the moderate/severe biopsy samples (Figure 6.5d) revealed regions of µ  
similar to that of the normal/mild control (Figure 6.4d). The origin of this is thought to 
reflect the range of dysplastic severity and normal tissue present within a single biopsy 
sample. This is expected as histopathology characterises only the most severely affected 
area (Zagaynova et al., 2002).  Therefore, a sample diagnosed as severe may present 
regions of normal, mild and moderate dysplasia.  This is reflected by the broader range 
of gradient values present in the moderate/severe histograms compared with those for 
the mild/normal group.  For example, in Fig. 6, 95% of normal/ mild A-Scan scattering 
gradient values are found to lie between -1.6 and 0.9 pix
-1
 centered about the mode 
compared with a range of  -2.9 to 0.4 pix
-1
 for moderate/severe.  This is amplified in 
Figure 6.7, where the respective ranges containing 95% of modal B-Scan scattering 
gradients are -1.0 to 0.0 pix
-1
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Therefore, scattering gradient distributions associated with the normal/mild and 
moderate/severe categories, were consistent between multiple samples and patients, 
within the normal distributions in Figure 6.6.  Consistency between samples and the 
smooth variation of ),( yxµ  observed in the en face scattering gradient maps (Figure 
6.4d & 6.5d) further indicate that the observed distribution of µ  is dominated by tissue 
heterogeneity rather than measurement noise.  The SAM images themselves represent 
only a subset of the OCT data in the x direction.  This is a consequence of resolution and 
sensitivity constraints of the OCT instrument when used over a wide field of view [28].    
Furthermore, the ex vivo biopsy samples were observed to curl at the edges.  Away from 
the central region of the biopsy, the strong surface signal was reflected away from the 
OCT detection optics.  The consequent lack of well-defined tissue surface in the OCT 
images prevented reliable surface detection that is required for segmentation.  Therefore, 
the extent of the SAM image in x was truncated to a region over which the surface was 
reliably detected.  Hence, data was selected for processing only from the central 1.5 mm 
of the OCT images to minimize instrument-induced bias across the SAM images. An 
example of this is shown in Figure 6.1, where the left and right bounds of the SAM 
image are marked by a red and green line respectively. 
 
The approach to epithelial segmentation developed here defines a lower boundary for 
the ROI from which the scattering coefficient is determined.  When tissue scattering is 
high, the ROI depth is small compared with that for low scattering.  Hence, the ROI 
thickness per se may provide a metric of dysplastic severity, rather than actual epithelial 
thickness.  However, a further study is required to evaluate this as an alternative or 
complimentary parameter.  Scattering coefficient has the advantage that it represents a 
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well established parameter in the context of general tissue optics and has previously 
been identified as an indicator of bulk tissue disease (Levitz et al., 2004). 
In this chapter we have presented a quantitative assessment of OED using a new OCT 
visualization methodology, SAM. The analysis was based upon an understanding of the 
pathophysiology and how this can affect physical interaction of light with tissue.  SAM 
quantifies qualitative differences in the OCT images of dysplastic tissue by measuring 
the spatial distribution of tissue scattering gradients.   From the statistical gradient 
distributions it is evident that SAM can objectively differentiate between normal/ mild 
and moderate/ severe dysplasia groups.  Our results demonstrate the potential to present 
pathological information to the clinician in a concise colourmap.    This approach may 
be particularly useful for selecting the most representative biopsy site.  SAM 
quantitatively conveys greater context and clinically significant information than the 
conventional OCT B-scan mode.  The advent of new high speed approaches to OCT, 
such as using Fourier domain mode-locked lasers may facilitate this method being 
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Figure 6.7 Histograms of the mode gradient for all B-Scan data obtained from 3D OCT 
data of all biopsy samples. 
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Chapter 7 
General Discussion 
7.1 General strategy  
Histopathology represents the gold standard for evaluation of oral mucosal biopsies 
(Speight, 2007, Speight, 1996).  However, this technique relies upon selection of the 
most representative tissue for biopsy in the oral cavity. This step is critical in 
establishing a definitive diagnosis of oral mucosal lesions. For this reason, the 
current process of visual evaluation has been aided by the use of several macroscopic 
visualisation adjunctive techniques as reviewed in section 1.3.2. Although these 
approaches are widely practiced to enhance the selection of the most appropriate 
biopsy samples, they remain limited by their lack of objectivity in identifying and 
delineating appropriate areas for biopsy (Gynther et al., 2000, Onofre et al., 2001, 
Fedele, 2009, Gandolfo et al., 2006). This inevitably leads to excision of samples 
either containing healthy tissues or devoid of some of the critical diseased areas. 
Therefore there is a need to introduce a technique that would provide macroscopic 
guidance based on microscopic visualisation and quantitative tissue analysis.  
Optical coherence tomography (OCT) has been reported as a potential imaging 
diagnostic tool to complement current clinical practice (Gambichler et al., 2007c, 
Huang et al., 1991, Otis et al., 2000, Ridgway et al., 2006). Although, OCT is 
capable of presenting morphological information, the levels of spatial resolutions and 
structural contrast relative to histopathology remains limited (Boppart et al., 2005, 
McLaughlin et al., 2010, Vinegoni et al., 2004, Bredfeldt et al., 2005). These 
shortcomings prevent the characterisation of key architectural disease markers, such 
as nuclear size and density, required for definitive diagnosis. Taking into account 
these limitations, the present study aimed to utilise the morphological information 
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obtained to provide macroscopic guidance for selecting the most appropriate biopsy 
site for subsequent histopathological evaluation. Such an approach has previously 
yielded improved diagnostic accuracy of biopsy samples obtained under guidance 
with an imaging tool (Narvani et al., 2009, Ben-Yehuda et al., 1996). Prior to 
discussing specific findings, it is appropriate to appraise the overall work.  
Development of a prospective clinical tool requires prior validation. The approach 
adapted in the present study was stepwise in nature incorporating the  
 Determination of the feasibility of the method for a specific application  
 Performance optimisation of the potential clinical tool and measurement 
protocols 
 Characterisation of the system performance by testing samples from reference 
oral mucosal lesions and  
 Continuous monitoring of system performance 
 
Initial feasibility studies examined biopsy samples excised from normal oral mucosa 
of rats and humans. They were designed to correlate the tissue morphology obtained 
using OCT with that from histopathology. Subsequently, performance optimisation 
of the measurement protocols was carried out with a view to ensuring standardisation 
and improved correlation between both visualisation modalities. Subsequently, a 
collection of volumetric OCT B-scans and histology images of normal, benign, 
inflammatory and premalignant lesions of the oral mucosa were carried out. This was 
accompanied by visual correlation of structural similar morphological features in 
both modalities, following the methodological approach adopted in recent studies 
(Gambichler et al., 2007b, Westphal et al., 2005). In particular a quantitative 
correlation approach was introduced, based on profiles from both OCT and histology 
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images. This ensured identification and characterisation of optical properties of key 
morphological features of, for example, oral epithelial dysplasia (OED), associated 
with different pathological states. Using this method a common quantifiable 
parameter in OED was identified.  This led on to the development of an algorithm 
which enabled systematic and objective grading of histology and OCT images of 
OEDs based on their staining intensity differences and optical attenuation coefficient, 
respectively. Initially, this algorithm was applied to 2D- OCT images and histology 
of OED biopsy samples (Figure 5.3 and 5.5). However, to mitigate the observer 
variability’s associated with selecting a single 2D- OCT image for analysis, an 
algorithm for the investigation of 3D- datasets was also introduced. This algorithm 
allowed for estimation of the optical attenuation coefficient for every A-line in the 
OCT volumetric dataset. However, the mode of its presentation needed to mimic the 
visual inspection of the oral mucosa. This was achieved by representing the 
quantitative data in the form of a two-dimensional en face image (Figure 6.4d). This 
framework referred to as Scattering Attenuation Microscopy (SAM), offers a 
prospective non-invasive and objective method for identification of healthy and 
diseased tissue sites based on the underlying changes in tissue architecture.  
A discussion thereby follows of specific features of the work as summarised in 
Figure 7.1.  
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Figure 7.1 Flowchart outlining the methodological approaches used in the course of 
the Ex vivo OCT study   
 
 
7.2 Initial feasibility and performance optimisation of the commercial OCT 
system 
Preliminary results shown in Figures 2.5 - 2.7 suggested that OCT was capable of 
depicting key oral mucosal architectural features. This inference was drawn from the 
identification and correlation of microscopic features in OCT and the corresponding 
histology images. Such features include the different papillae types on the dorsal 
surface of tongue, the stratified squamous epithelium and lamina propria of the 
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buccal mucosa from rats. Similarly the feasibility studies on human biopsy samples 
(Figures 2.8 - 2.17) also identified characteristic histopathological features, including 
the layered structure of the oral mucosa, the undulating interface between both tissue 
layers, papillary process, saw tooth rete pegs, bullae and cystic cavities. Although 
key microscopic features were recognised, their identification was largely intuitive 
and empirical in nature. To ensure OCT images are relevant in a clinical setting, an 
optimisation process was required to reflect strategic steps in the histopathological 
processing of biopsy samples. This involved the implementation of the following 
changes  
 
 Both the orientation and registration of each biopsy sample prior to OCT 
image acquisition 
 Synchronisation of the OCT image acquisition plane and intervals to reflect 
the protocol utilised in histology sectioning i.e. sequential acquisition of 2D 
OCT B-scans at 5µm interval over the length of the biopsy sample. 
 Acquisition of photomicrographs from multiple sections of individual 
histology blocks. 
 
This revised protocol led to the acquisition of multiple 2D B-scans thereby creating 
volumetric datasets which, in turn, facilitated the slicing of assembled volumes 
thereby  visualising the  tissue microstructure in different planes. Furthermore, using 
the revised protocols, we identified and characterised various OCT imaging artefacts 
(Figures 2.18 - 2.25), which have been rarely reported in the OCT literature. 
However, the artefacts appear similar to those previously identified in ultrasound 
based imaging studies (Nelson et al., 2000, Nilsson, 2001, Scanlan, 1991, 
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Lichtenstein et al., 1997, Huang et al., 2007). The sources of the artefacts in the 
present study must be recognised and understood to forestall misdiagnosis in future 
OCT studies.  
  
7.3 Qualitative correlation of OCT and corresponding histology images  
Several OCT studies on the oral mucosa who have reported a degree of correlation 
have generally focused on premalignant and malignant conditions, with only a few 
investigating more general oral mucosal lesions (Lee et al., 2009, Lee et al., 2008, 
Ridgway et al., 2007, Ridgway et al., 2006, Tsai et al., 2009, Tsai et al., 2008, 
Wilder-Smith et al., 2007, Wilder-Smith et al., 2004, Wilder-Smith et al., 2005, 
Wilder-Smith et al., 2009). The latter would need to be identified if OCT is to be 
developed as a standalone tool for biopsy site selection. This motivated one of the 
objectives to generate a reference database of oral lesions that may be encountered in 
primary and hospital-based dental practices. Accordingly, oral mucosal biopsy 
sample from patients attending the Oral Medicine Clinic of the Barts and the London 
Hospital were imaged prior to histopathological processing. In doing so, a range of 
tissue types were imaged and analysed including   
 Normal oral mucosa  
o Lining mucosa  
o Attached mucosa 
 Benign lesions  
o Fibro-epithelial polyp,  
o Mucus extravasation cyst 
o Hyper-orthokeratinised lesions  
o Lipoma 
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 Inflammatory lesions 
o Oral Lichen Planus (OLP) 
o Oral Lichenoid Reaction (OLR) 
 Premalignant lesions. 
o Mild dysplasia 
o Moderate dysplasia 
o Severe dysplasia 
 
 Images of clinically normal and benign oral mucosal lesions, as shown in Figures 
3.1- 3.4, showed close correlations between the different tissue layers as visualised in 
both modalities. Typically, the OCT images revealed different levels of contrast 
thought to reflect the intensity of backscattered light from the tissue layers. In most 
cases, the uppermost high signal intensity band, i.e. the entrance signal, represented a 
mismatch of refractive indices between air and the tissue sample, while the 
underlying medium and low signal intensity layers matched the epithelium and 
lamina propria of the histology images. Depending on the type of oral mucosa 
imaged, the boundary between the medium and low intensity layers varied, with the 
attached mucosa presenting a higher number of inter-digitations when compared to 
the lining mucosa. Other OCT features worthy of note included;  
 A homogenous medium signal intensity area below which was an area of low 
signal intensity with zones of medium signal intensity (scattering material). 
These correlated with the epithelial layer of the mucous extravasation cyst 
characterised by a pool of mucin-containing granulation tissue (Figure 3.2). 
Interestingly, these OCT features show striking similarities to those of  fluid 
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filled vesicle of the lower lip and fibrocystic lesions of the human breast  
(Hsiung et al., 2007, Jerjes et al., 2009) 
 A basket weave appearance, involving the individual round or oval non-
scattering to low scattering areas with well circumscribed borders, which 
correlated with the microscopic appearance of adipocytes, their surrounding 
capsules and intervening septae in the lipomatous lesion (Figure 3.4). These 
OCT features showed close resemblance to those of normal fibro-adipose of 
the human breast (Hsiung et al., 2007).   
 Medium signal intensity finger-like projections, which correlated with the 
papillary process of a papillomatous lesion (Figure 2.16). 
 
Similarly, the chronic inflammatory lesions i.e. Oral lichen planus and lichenoid 
reaction, demonstrated distinctive epithelial and lamina propria tissue layers in both 
modalities. However, in contrast to the benign oral mucosal lesions, the identification 
and correlation of the superficial T lymphocyte infiltrated layer in both visualisation 
modalities was not always possible.  This was particularly the case in the plaque-like 
OLP subtype, which displayed a re-emergence of a medium signal intensity layer 
beneath the low signal intensity zone, which correlated with the SLI layer in Figure 
4.3. Interestingly, this unusual optical phenomenon was observed, but not 
characterised, in chronic inflammatory conditions of the gastrointestinal tract i.e. 
ulcerative colitis and Crohn’s disease, both of which exhibited lymphocytic mucosal 
infiltration histologically (Adler et al., 2009). This finding suggests a degree of 
lymphocytic infiltration and fibrotic tissue formation. Indeed there has been reported 
associations between morphological features, such as mononuclear inflammatory cell 
infiltration, the degree of submucosal fibrosis, and changes in optical parameters, 
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such as refractive index and optical attenuation coefficient, in chronic inflammatory 
conditions  (Brezinski et al., 2001, Adler et al., 2009, Weingarten et al., 2006, van 
Soest et al., 2009). Clearly an improved understanding of SLI would demand a study 
of a large number of appropriate samples, enabling the investigation of possible 
associations between changes in SLP optical characteristics and the degree of disease 
severity.  
OCT imaging was also implemented on various grades of oral epithelial dysplasia 
(OED). Qualitative correlation of key morphological features of OED in both 
visualisation modalities displayed a progressive loss of the regular layered structure 
of the oral mucosa with increasing severity of epithelial dysplasia (Figure 5.2 A-D). 
This loss was generally apparent in OCT images of moderate and severe dysplasia 
samples (Figure 5.2 C-D). Interestingly, these findings were similar to those recently 
reported, where a lack of structural epithelial pattern was utilised as  the main 
diagnostic criterion for differentiating ex vivo samples of low and high-grade 
dysplasia (Tsai et al., 2009, Tsai et al., 2008). In addition, using in vivo OCT, 
absence or disruption of the basement membrane, epithelial down-growth and 
invasion into the sub-epithelial layers, were all observed relatively deep into oral 
tissue (Wilder-Smith et al., 2009). Such additional features identified in this in vivo 
study reiterate the potential effects of tissue degradation post excision on both optical 
characteristics and imaging depth. In addition, it substantiates the reported effects of 
formaldehyde tissue preservation i.e. increased scattering intensity, shrinkages of 
tissue layers, both of which could lead to the significant reduction in the depth of ex 
vivo optical imaging (Hsiung et al., 2005a). However, from a technical point of view, 
the differences in features in the ex vivo and in vivo studies may reflect differences in 
the OCT image acquisition parameters such as  
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 the drop-off rate at certain dB’s 
 the illumination power transmitted into the samples  
 the location of the focus, either within or on the surface of the sample 
 
Irrespective of which descriptors are used i.e. in vivo or ex vivo, qualitative OCT 
studies have reported a sensitivity and specificity of 93% for differentiating high 
grade dysplasia or carcinoma in situ from non-cancerous benign or reactive 
conditions respectively (Wilder-Smith et al., 2010). Although this capability may be 
clinically useful, the subjectivity and considerable inter-observer and intra-observer 
variations associated with characterising these qualitative descriptors raises doubts 
about it suitability for diagnosis. This concern is of particular relevance in lesions 
such as epithelial hyperplasia/hyperkeratosis and mild dysplasia, which can progress 
to more severe stages. To forestall such limitations, there is a need to develop an 
approach that will quantify the visualised changes in optical scattering characteristics. 
Potentially such developments would ensure objective grading of OCT images 
irrespective of the degree of dysplasia and/or malignancy.    
 
7.4 Quantitative correlation of OCT and corresponding histology images  
An average depth profiling approach (Section 3.2.2) was adopted to extract the 
scattering and staining intensity distributions across OCT and histology images, 
respectively, and it produced visual similarities (Fig 3.1, 3.3 and 4.1C&D). This 
implied a common source of the image contrast. Thus, whereas histology relies upon 
the H&E stain to bind to the nuclear material, OCT relies on backscattering light 
derived from differences in the refractive index associated with cellular and nuclear 
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material. This unique capability to compare dissimilar visualisation modalities with 
common contrast generation mechanisms provides an opportunity for micro-
morphological features to be objectively compared. Furthermore, it could facilitate 
statistical analysis of potential variability between and within pathology groups of 
interest, thereby eliminating intra- and inter-observer reliability associated with 
qualitative description. Such a quantitative approach would provide numerical data 
for assessment of the specificity, sensitivity and predictive accuracy in differentiating 
between pathological lesions. However, there are still uncertainties about the 
usefulness of the averaged depth profiling technique arising from: 
 
 The in-homogeneity of micro morphological features in the transverse 
direction, with particular respect to the undulating nature of epithelial-
connective tissue junction, as shown in Figures 3.1, 3.2, 3.3 and 4.2A&B. 
 The heterogeneity of tissue staining and scattering intensities that can present 
within selected regions of interest from either imaging modalities. This is of 
particular relevance in oral epithelial dysplasia, where the most severely 
involved area of change, even if it represents only a small portion of the 
tissue, is used to establish the final diagnosis (Bouquot et al., 2006b).    
 The inconsistencies associated with identifying areas of the averaged depth 
profile, which coincides with the epithelial-connective tissue junction. This 
will inevitably affect reproducibility in the measurement of epithelial 
thickness. Indeed such measurements from OCT depth profiles (A-scans) 
were reported to yield large deviations for similar reasons  (Weissman et al., 
2004).  
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These limitations motivated the adoption of a quantitative analysis approach, to 
account for the changes in one dimensional scattering and staining intensity profiles 
across the OCT and histology images, respectively. Such an approach would describe 
the profiles in terms of distributions as opposed to cumulative means.  
  
7.5 Gradients parameterisation and histogram analysis  
Close scrutiny of averaged depth profiles from both visualisation modalities revealed 
a characteristic pattern associated with keratinocyte stratification within the normal 
epithelium. This distinctive pattern was as follows; on exclusion of the initial 
entrance signal, there was an increase in both scattering and staining intensities 
towards the basal layer of the epithelium, notably more apparent in the latter, 
indicating a superior contrast generation mechanism associated with histology. 
Beyond the basal epithelial layer, there was a sharp decline in both intensities 
profiles, coinciding with the demarcation between the epithelium and lamina propria 
(Figures 3.1C&D). Incidentally, the average depth profile pattern in Figures 3.1C&D 
showed striking similarities to oral mucosal lesions, which exhibited normal 
differentiation in their overlying epithelium (Figure 3.2, 3.3C&D). Another 
significant finding was the correlation of both epithelial scattering and staining 
intensity depth profiles with the sequential increase in nuclear size, as keratinocytes 
migrate towards the basal layers of the normal epithelium (Pommerencke et al., 
2008). Taking into consideration the results shown in Figure 5.1, a quantitative 
analysis approach was designed to quantify the gradients from a subset of individual 
depth profiles from 2D- OCT and histology images. This innovative step expanded 
on the research approach which quantified the severity of oral epithelial dysplasia 
based on analysis from a single intensity depth profile (Lee et al., 2009, Tsai et al., 
2009, Tsai et al., 2008).  The present quantitative analysis software which measured 
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gradients of signal intensities at each transverse point over a region of interest was 
developed in collaboration with the National Physical Laboratory. The software 
criteria used for automatic and objective selection of ROI from both visualisation 
modalities, were based on:  
The upper boundary of the ROI was specified to be approximately 25µm below the 
surface, coincident with the anucleated keratin layer i.e. the relatively low signal 
intensity layer below the strong entrance signal, as illustrated in Figure 3.1& 3.3A. 
This step was incorporated into the analysis software to minimise the mismatch of 
the refractive indices between air and surface of tissue sample (strong entrance signal) 
on the gradient. For the lower boundary of the ROI, a novel and inventive step was 
adopted utilising the percentage of backscattered light returning from each sample. 
Preliminary optimisation studies over a wide range of percentages revealed that 50% 
was the most appropriate lower boundary value for the generation of gradient values 
that could permit maximum discrimination between normal and pathology groups. 
To consider all areas of biopsy samples during quantitative analysis, measurements 
of scattering intensity gradients were implemented at each transverse point within the 
ROI of 2D- and 3D-OCT datasets. Typically 3D- OCT datasets contained about 300-
500 individual 2D-OCT images, each containing approximately 1000 individual A-
scans, and thus the number of gradient values generated per sample were in the range 
of 10,000- 100,000. Considering the large volume of data generated for each dataset, 
histogram analysis was identified as a practical and useful technique that could 
indicate the heterogeneity of A-scans for each sample. The selected technique is 
similar to that adopted with Computed Tomography images of different pathologies, 
including adrenal masses, otosclerosis and emphysema (Bae et al., 2003, Ho et al., 
2008, Jhaveri et al., 2006). Utilising the optimised ROI selection criterion and the 
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histogram analysis technique, quantitative analysis of 2D images of normal and 
dysplastic oral mucosa revealed distinct frequency distributions for both scattering 
and staining intensity gradient values (Figure 5.3 & 5.5). From each distribution, the 
modal gradient was selected as an objective parameter. Its value was found to 
progressively decrease with increasing severity of tissue dysplasia in both 
visualisation modalities (Figure 5.3). Close examination revealed a narrower 
distribution with histological staining, suggesting enhanced contrast. The method 
was subsequently implemented on 3D OCT datasets. Preliminary histogram analysis 
of modal gradient values from typical examples of a normal/mild and 
moderate/severe dysplasia sample are shown in Figure 5.4A&B. The approach was 
extended to include 3D-OCT datasets from 15 normal/mild and 4 moderate/severe 
dysplasia samples.  Interestingly, the findings as shown in Figures 6.6 and 6.7, 
displayed similar scattering gradient patterns and modal values to those illustrated in 
Figure 5.4, although the distribution was reduced in the latter. For such a method to 
be widely applicable to images from different OCT scanners, variability must be 
addressed. This would include:  
 Surface reflectivity of overlying tissue, which may result in imaging artefacts 
(Figures 2.19, 2.20 and 2.24)  
 Size and location of the ROI as reported in section 5.3.5  
 Laser output power and incident angle of light source  
 Instrument focus   
 Imaging optics   
 Instrument calibrations of OCT scanners from different manufacturers  
Because only one OCT instrument was used throughout the study, the performance 
of other commercial systems were not evaluated. Furthermore, to clarify the potential 
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impact instrument calibrations may have on the histogram analysis method, future 
studies should incorporate regular calibrations of OCT scanners with polyurethane-
based optical scattering phantoms (Woolliams et al., 2010).  
 
7.6 Scattering attenuation microscopy 
It is well accepted that there are limitations associated with the levels of structural 
contrast obtained with a traditional OCT system, particularly if cellular changes are 
indicated as a prerequisite for adoption as a diagnostic tool. To address this issue, a 
variety of  procedures have been adopted, one of which involved the encoding of 
signal intensities with false colour to enhance visualisation of intensity differences 
(Brar et al., 2009, Toth et al., 1997). This approach relied on the ability of the human 
eye to distinguish between several million colours, as compared to just a few 
hundred levels of gray scale (Erb and Fahle, 2006). Although false colouring has 
enhanced contrast, thereby improving correlation between OCT images and 
histological sections, the exaggerated perception of signal intensity differences may 
not reflect true histopathological morphology (Puliafito et al., 1995). To overcome 
these limitations, more innovative and complex contrast enhancing mechanisms were 
adopted including,   
 
 the utilisation of exogenous contrast agents such as engineered microspheres 
(Lee et al., 2003) or microbubbles (Barton et al., 2002).  
 the “pump and prime” techniques which rely on the transient absorption of a 
dye illuminated by an external beam (Rao et al., 2003),  
 spectroscopic OCT, which differentiates tissue types by measuring their 
spectral absorption and/ or scattering (Morgner et al., 2000).  
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Although these techniques can help differentiate tissue types that are frequently 
morphologically or optically similar when using the current OCT method, the use of 
contrast agents can potentially modify tissue characteristics. This remains a 
limitation and thus alternative endogenous contrast enhancing imaging techniques 
need to be developed.  
In the present study, we proposed a novel quantitative optical imaging technique 
termed Scattering Attenuation Microcopy (SAM). The principle of operation behind 
the SAM detection system is based upon spectral domain low coherence 
interferometry (LCI), which has recently become synonymous with OCT (Wax et al., 
2005).  SAM, however, inherently depends upon the acquisition of volumetric 
datasets.  From each depth profile within the volume, the gradient of signal loss or 
attenuation was measured and represented within a colour coded two-dimensional 
quantitative image of the dataset, as illustrated in Figure 6.4d.  The parameter was 
clearly dominated by scattering of the near-infrared probe light from cell nuclei.  
Hence, SAM offers a simple field of view approach for direct visualisation of 
changes in nuclei size and distribution.  
Preliminary results of a typical SAM image from a normal/mild sample (Figure 6.4d) 
revealed a high degree of colour homogeneity consistent with the range of gradient 
values (-1 to 1.5 pix
-1
) in the corresponding histogram (Figure 6.4c).  By contrast, the 
moderate/severe OED (Figure 6.5d) was associated with significant colour variations 
reflecting a wider disparity of gradient values (-2.5 to 1 pix
-1
). Although the 
histograms for the SAM images were generated from individual gradient values at 
each transverse point, they were similar in nature to the distributions of modal 
gradient values from each 2D scan within the 3D OCT dataset (Figure 5.4).  Another 
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significant finding was the correlation between the homogenous distribution of 
nuclear size and nucleus:cytoplasm ratio in the histology  of normal oral mucosa and 
the consistent colour display in SAM images of normal/mild samples. By contrast, 
the colour heterogeneity of the moderate/severe SAM image appeared to correlate 
with the non-uniformity of nuclear size and nuclear to cytoplasmic ratio 
characteristic of the histology images. SAM is a novel tool for non-invasive 
visualisation of cytological and architectural features, hence its use must be extended 
to include the evaluation of benign oral mucosal lesions. Such characterisations 
would permit;  
 Correlation of SAM features with those of the corresponding OCT 
and histology images  
 Creation of a SAM database that can serve as reference for 
prospective studies 
 Investigation of the potential of SAM to differentiate the dysplastic/ 
malignant state from benign oral mucosal lesions.  
To accomplish these objectives, evaluation of  SAM images obtained from different 
benign oral mucosal lesions was performed as part of a feasibility study.  Preliminary 
results suggests that lesions characterised by an overlying normal epithelial structure 
displayed a homogenous low scattering attenuation regions, as indicated in red in   
Figures 7.2 - 7.5. By contrast, the  lipomatous lesion characterised by intervening 
areas of high and low signal intensity within the ROI, displayed patchy areas of high 
scattering attenuation (regions in greenish-yellow and blue) embedded within the 
predominating low scattering attenuation region (Figure 7.6C). Utilising the 
intrepretation of the moderate/severe dysplasia SAM image (Figure 6.5D) the high 
scattering attenuation foci could be considered as representing areas of 
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dysplasia/malignancy. However, comparison of  the lipoma SAM image with the 
OCT B-scan, C-scan and histology images revealed the high scattering atteunation 
areas to be coincident with regions of dense fibrous connective tissue septae. 
Interestingly, recent quantitative OCT studies have reported high attenuation areas to 
be associated with a similar tissue type in artherosclerotic plaques (van Soest et al., 
2009). In addition to characterising tissue attenuation properties, preliminary 
evaluation of the SAM images revealed specific and recognisable morphological 
features to be associated with specific benign oral mucosal lesions. For example, the 
SAM image of the hyperorthokeratinised fibro-epithelial polyp revealed a 
speckled/mottled colour distribution pattern thought to reflect the prescence of a 
regular, undulating epithelial rete peg arrangment. Specifically, the greenish-yellow 
areas in Figure 7.4C may well represent the tips of the connective tissue papillae 
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Figure 7.2 A, B &C (A) OCT B-scan, (B) Histology and (C) Scaterring Attenuation 
Microscopy (SAM) image of clinically normal buccal mucosa revealing a relatively 











-3          -2        -1            0 
CHAPTER 7: GENERAL DISCUSSION 
- 183 - 
                       
                          
 
           
                       
Figure 7.3A, B &C (A) OCT, (B) Histology and (C)Scaterring Attenuation 
Microscopy (SAM) image of an excised mucous extravasation cyst of the lower lip 
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Figure 7.4A, B &C (A) OCT, (B) Histology and (C)Scaterring Attenuation 
Microscopy (SAM) image of an excised fibro-epithelial polyp of the tongue (Dorsal 
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Figure 7.5A, B &C (A) OCT, (B) Histology and (C)Scaterring Attenuation 
Microscopy (SAM) image of an excised squamous papillomatous lesion showing (D) 
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Figure 7.6A, B &C (A) OCT, (B) Histology and (C)Scaterring Attenuation 
Microscopy (SAM) image of an excised lipomatous lesion. 
 
                         
 
 
By contrast, the clinically normal buccal mucosa and mucocele both characterised by 
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Additionally, Figure 7.5C revealed islands/honeycomb colour distribution pattern. 
These distinct morphological features were considered to represent  the finger-like 
projections of an oral squamous papilloma. Another significant observation was the 
similarities between the scattering gradient distributions from normal/mild dysplasia 
samples (Figure 6.6)  and  those from benign oral mucosal lesions as indicated in  
Figure 7.7. Indeed the latter indicated that 95% of the scattering grdaient values were 
calculated to range between -1.5 and 1.0 pix
-1

























Figure 7.7 Histograms of scattering gradient obtained from 3D OCT datasets of the 
benign oral mucosal lesions shown in Figures 7.2- 7.6.  
 
All these findings further highlight the capabilities of SAM to spatially differentiate 
between healthy and diseased tissue utilising a quantifiable physical property. This 
approach, therefore, offers the potential to overcome the current subjectivity 
associated with selecting the most representative biopsy for histopathological 
evaluation. Furthermore, it promises improved specificity compared to previous 
visualisation adjuncts, such as toludiene blue staining and the characterisation of 
light emission spectra and fluorescence properties used on the oral mucosa. Most 
importantly, the SAM technique could be used as a regular monitoring tool with a 
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view to detecting early signs of architectural changes associated with disease 
progression. However, the relative complexity and costs of SAM must be evaluated 
in the light of current techniques used in the clinic. Clearly a cost effective analysis 
would have to be introduced, taking into account the number of patients on a 
particular clinic. 
 
7.7 Potential benefits of SAM in a clinical setting 
Diagnostics are becoming increasingly image based. Whether the setting is clinical 
practice or research, information extracted from an image can potentially be utilised 
to determine disease status and, ultimately, patient management. Although SAM is 
yet to be implemented in a clinical setting, the results of the ex vivo feasibility study 
highlights potential benefits an in vivo oral SAM probe could offer. They include the 
following;  
 
 SAM can facilitate characterisation of outcomes other than the presence of 
disease. These include highlighting disease progression over time without 
causing undue anxiety to the patients. In addition, its utilisation could 
potentially reduce the bias associated with selecting the most representative 
site for biopsy.   
 The current biopsy selection tools are beleaguered by intra- or inter- examiner 
variations resulting from the expertise and the consistency of the examiner. 
By contrast, SAM offers objective assessment of 3D OCT dataset thereby 
minimising observer variability.    
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 The principles established with SAM can be widely applicable in evaluating 
other epithelial lining in the body in terms of their normative and disease 
states.   
 
7.8 Future work  
In the short term the pilot study involving SAM needs to be expanded to involve a 
larger sample size, incorporating a wider variety of oral mucosal lesions. This would 
build on the current findings, whilst gaining a deeper insight into the potential 
usefulness of SAM. Future work could be divided into short (A-B) and long term 
strategies (C-D), each of which will be discussed separately.  
A) SAM image feature characterisation  
To facilitate feature extraction and recognition in SAM images, statistical analysis in 
the form of a linear discriminant/multi-variant analysis method should be adopted. 
This could facilitate their objective characterisation, with the potential to 
automatically grade changes in tissue architecture.  
B) Attenuation depth  
The generation of SAM images in the present work was based on a single parameter 
i.e. the scattering coefficient (µ) represented by the gradient of a straight line fitted 
along individual A-scans within a three-dimensional data volume (Figure 6.2). 
Utilising this technique we have shown the specificity and sensitivity rate was 





 was applied to all A-Scans (Figure 6.6) and the modal B-Scan data (Figure 
6.7), respectively. These values might be improved by the introduction of a 
combination of multiple parameters and advanced data analysis methods. One such 
additional quantifiable parameters could be attenuation depth. Unlike the estimation 
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of gradients of individual A-scans at the optimised backscattered light percentage 
(50% in this study), the attenuation depth represents the depth at which the sum of 
OCT image intensity along an A-scan is equal to a pre-defined percentage of the total 
backscattered light. 
 
C) Portable chair-side device 
In terms of long term studies, it would seem appropriate to develop a simple portable 
field-of-view chair-side oral scanner for direct and objective visualisation of tissue 
scattering attenuation properties in the oral cavity. To achieve this objective, a 
number of milestones would need to be fulfilled, such as   
Development of an in vivo oral SAM probe  
Central to the success of this project will be the development of a prototype hand-
held in vivo SAM probe. This would comprise of both optical beam steering optics 
and a miniature ‘context’ oral camera for wide field visualisation.  
 
Development of a scattering attenuation microscopy system 
The clinical SAM instrument will require the oral probe to be incorporated into an 
interferometric detection system. A commercial OCT system could be used 
comprising of four independent interferometer channels. The channels will be 
arranged to scan independent adjoining two-dimensional areas, thus quadrupling the 
acquisition rate to achieve real-time SAM imaging.  Using this technology it will be 
possible to acquire SAM images over an area of 5x5 mm in 1.5 seconds, assuming 
250x250 pixel images. Real time analysis and display of SAM images could be  
achieved using a highly parallel graphics processing unit (GPU). The in vivo SAM 
instrument could measure optical dispersion, in addition to scattering attenuation to 
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determine optical absorption and detect changes in tissue composition. Such a 
development would be predicted to improve sensitivity and specificity of the scanner.  
Performance characterisation and optimisation of the probe and SAM system 
using solid scattering calibration phantoms 
The SAM instrument will need to be optimised using optical scattering phantoms to 
calibrate the instrument response, attenuation and dispersion measurements. The 
measurement uncertainty due to tissue topography, probe alignment and the 
influence of a liquid covering would also need to be quantified. 
D) Multi-modality 
The utilisation of multiple imaging modalities might offer a way forward when 
selecting the most representative area for biopsy collection. Examples of multi-modal 
imaging approaches that could be exploited for use on the oral mucosa include: 
OCT and fluorescence imaging 
This would shed light on different aspects of the general physiology, structure and 
biochemistry of the tissues.  
OCT and Doppler imaging 
Such a system would allow architectural and functional information. As an example, 
the simultaneous assessment of blood flow might facilitate the distinction between 
benign and malignant lesion on the basis of their vascularity.    
Although the multi-modal approach seems like the most appropriate way forward, 
the technical capabilities and operational considerations required for implementation 
poses major obstacles towards the realisation and adoption of such technology in the 
clinical area. Again a cost effective analysis would be required to justify its adoption.
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